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by  B.  lyilie  and  J.  T.  Jaoea 


Introduction 


Prerious  reports  in  this  series  have  described  ^e  condition  of  Adniralty 
furnace  fuel  oils  in  iong-tezm  shon  storagejLl )(2}(3)(4}  punping  trials 
conducted  in  depot  pipe  lines(5)(l)(2)(3)  and  United  trials  in  shipsC^). 
Ccnsidarable  dlfflctilties  were  experienced  in  organising  sea  trials  as  the  very 
few  ships  which  coxild  be  allocated  for  the  purpose  all  had  other  oonnitnents  of 
higher  priori iy  and  the  infoiiuttlon  obtained  was  therefore  very  United.  The 
large  scale  punping  trials  in  depots,  cm  the  other  hand,  were  sufficiently 
conprehenslve  and  a  gcod  deal  of  infomation  becane  available  as  a  result. 

These  trials,  however.  Inevitably  suffer  fron  the  disadvantage  that  the  tenper- 
ature  of  the  fuel  csuinot  be  adjusted  to  any  required  level  before  the  trial  and 
the  pipelines  during  the  trial  are  exposed  to  the  prevailing  air  tenperatures. 
In  addition,  the  pipes  nay  have  been  in  use  for  sone  years  and  their  internal 
condition  can  only  be  imagined.  It  was  decided  that  a  rig  should  be 
constructed  which  would  be  large  enough  to  reproduce  the  actual  conditions 
which  ni^t  exist  in  a  snail  ship,  yet  be  snail  enough  for  the  essential  parts 
to  be  housed  in  a  cold  room.  The  problems  which  can  useftiUy  be  studied  in 
such  a  rig  are:- 

(a)  the  clearing  of  a  line  of  galled  oil, 

(b)  the  pumping  rates  achievable  with  fuels  of  differing  types  at 

tenperatures  which  night  occur  ashore  or  on  board  ship, 

(o)  the  rate  of  breakdown  of  a  gelled  or  near  gelled  fuel  when  it 
is  punped  along  a  pipe, 

(d)  the  relation  between  apparent  yield  value,  rate  of  flow  and 

apparent  viscosity  in  the  pipe  and  yield  value  and  apparent 
viscosity  neasurenents  in  laboratory  apparatus. 

In  such  a  rig,  it  should  be  possible  to  conduct  repeated  line  clearing 
experiments,  to  work  at  any  temperature  in  the  required  range  and,  by  a 
suitable  choice  of  pipe  length  and  diameter,  to  obtain  tbs  required  range  of 
shear  stresses  and  rates  of  shear.  It  should  also  be  possible  to  set  up  the 
rig  in  such  a  manner  that  any  narked  breakdown  of  "structure*  and  apparent 
viscosity  of  tbs  fuel,  as  it  passed  down  the  pipe,  would  be  detected  and  not 
nasksd  by  the  Inperfection  of  the  pipe  system,  the  possibility  of  alr-’looks 
and  the  difficulties  of  neasurenents  in  the  field. 

The  original  proposal  to  construct  a  laboratory  punping  rig  was  aade  by 
the  Adniralty  fuels  and  Lubricants  Advisozy  Connlttee,  in  1932,  and  A.F.L.A.C. 
Panel  B  was  formed  to  consider  this  suggestion.  However,  for  a  variety  of 
reasons,  only  slow  progress  was  nade  until  after  large  scale  punping  trials 
in  the  Killingholne  and  Lyness  Oil  fiiel  Depots  in  the  winter  months  of  1933 
to  1936.  The  rig  was  then  built  in  the  light  of  experience  gained  in  the 
large  scale  trials.  A.f.L.A.C.  Panel  B  at  this  stage  nerged  with  A.7.L.A.C. 
Pazial  T,  which  had  been  conoezned  in  all  other  aspects  of  fuel  oil  puapablllty, 
including  the  large  scale  trials. 

The  laboratozy  punping  rig  was  constructed  and  has  been  operated  by  the 
staff  of  A.O.L.  although,  because  of  the  space  required,  the  actual  rig  is 
sited  at  A.B.L.,  West  Dnyton.  Its  construction  and  IMtial  proving  trials, 
together  with  the  early  histozy  of  the  project  have  been  described  in  A.O.L. 
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Toohnioal  Note  No*  16  of  July  1958^^^*  The  rig  was  used  for  ths  next  two  and 
a  half  years  to  study  the  behaviour  of  six  iypioal  fuels  under  the  most  adverse 
oondltoons  which,  it  was  oonsidered,  ffllj^t  exist  In  a  damaged  ship  in  irotio 
waters*  The  results  obtained  in  the  rig  itself  have,  throughout,  been 
compared  with  rheological  measurements  in  co-axial  cylinder  viscometers  and 
yield  value  tubes  of  various  types.  The  results  obtained  in  the  first  half 
of  the  programme  were  presented  as  part  of  the  Institute  of  Petroleum  Symposium 
on  the  Flow  Ihroperties  of  Admiralty  Fumaoe  Fuel  Oils  in  January  1960  and  were 
subsequently  published  in  the  Journal  of  the  Institute  of  Petroleua(8)*  The 
eq>hS8l8  was  then  placed  on  the  scientific  aspect  of  the  work  rather  than  on 
its  application  to  ship  problems.  It  is  proposed,  in  this  report,  to  present 
the  results  of  the  completed  programme  and  to  pay  more  attention  to  specific 
ship  problems  than  would  be  permissible  in  a  published  paper. 

2*  Pesoription  of  Big 

An  instrumented  length  of  4  inch  internal  diameter  pipe  was  connected  to 
the  suction  side  of  a  pump,  the  instrumented  length  being  contained  inside  a 
temperature  controlled  room.  Six  storage  tanks  were  provided  outside  this 
room  and  one  inside;  all  tanks  could  be  connected  to  the  suction  side  of  the 
pump,  either  directly  or  through  the  instrumented  length,  or  to  the  discharge 
side  of  the  pump.  Provision  was  made  for  measuring  temperatures,  pressures 
and  flow  rates,  all  Indicating  instruments  being  concentrated  at  one  spot  out¬ 
side  the  room  for  easy  use  during  znins.  The  layout  of  the  rig  is  shown 
schesiatlcally  in  Fig.  1  and  as  a  scale  drawing  in  Fig.  2*  Fig.  3  shows  the 
coll  and  the  original  inside  tank  during  eonstruotlon. 

The  pipe  systems  were  made  from  4  inch  internal  diameter,  hot  finished, 
steel  pipe  and  all  isolating  valves  were  gate  valves.  The  instrumented  length 
was  133  ft.  long  and  was  fitted  as  a  rectangular  coil  of  constant  rise  with  all 
bends  of  at  least  1  ft.  radius  to  reduce  bend  effects.  Ths  internal  storage 
tank,  holding  approximately  45^  gallons,  was  situated  in  the  centre  of  the  coll 
and  was  connected  to  the  coil  at  the  bottom.  Bach  end  of  the  133  ft*  length 
was  fitted  with  a  vertical  branch,  holding  a  transparent  glass  tubs  which  rose 
to  a  height  of  about  4  ft.  from  the  lower  part  of  the  coll.  Air-vents  and 
drain-cooks  were  situated  in  convenient  positions. 

The  six  external  storage  tanks  were  of  300  gallon  capacity  and  were  fitted 
with  dip  rods  calibrated  to  read  in  1  gallon  Intervals.  Baoh  tank  contained 
a  s,teaa  coll  for  beating;  each  also  bad  suction  and  drain  connections  at  the 
bottom;  and,  at  the  top,  a  filling  oonneotion  and  a  connection  from  the 
discharge  side  of  the  pump.  One  tank.  No.  2,  was  fitted  with  one  additional 
pump  discharge  connection  at  a  lower  level,  to  enable  oil  to  be  discharged 
below  the  oil  level,  when  required,  to  prevent  the  entrainment  of  air. 

A  4"/5''»  motor  driven,  Srysdale  Vertoll  pump  was  used  and  this  was  driven 
by  a  C.C.  motor,  limited  speed  control  being  available  by  means  of  a  variable 
resistance  in  the  field  circuit.  The  pump  was  of  the  gear  wheel  type  and  was 
oonsidered  to  be  typical  of  those  used  in  service  for  traoisferring  fuel  oil. 
Initially,  a  flow-mwter  was  situated  on  the  discharge  side  of  the  pump;  this 
was  a  Brodie-Eent  X77  positive  displacement  meter  of  the  seaii-rotary  piston 
type.  This  flow-meter  had  been  used  on  previous  large  scale  trials  and  was 
known  to  give  the  required  aocuratcy.  The  quantity  of  oil  passix^g  the  flow¬ 
meter  was  indicated  on  a  direct  reading  counter  graduated  in  tenths  of  a 
gallon.  With  this  arrangement  the  flow  rate  through  the  coil  could  be 
controlled  by  varying  the  speed  of  the  pump.  For  the  lower  flow  rates,  a 
Comet  1^  inch  positive  dlsplsoement  pump  was  Installed,  parallel  to  the  larger 
pump.  This  pump  contained  spring  loaded  vanes,  running  in  an  eccentric 
housing.  At  a  later  date,  it  was  desired  to  operate  the  rig  by  maintaining 
a  constant  pressure  drop  across  the  coil.  This  could  only  be  done  by 
permitting  the  pump  to  take  its  auction  directly  from  an  outside  tank,  at  the 
same  time  as  from  the  coll,  and  by  varying  the  quantity  of  oil  reaching  the 
pump  from  the  outside  teuik.  It  was  liierefore  necessary  to  zc-posltlon  the 
flow-meter  adjacent  to  the  coil,  i.e.  on  the  suction  side  of  the  pump  before 
the  direct  connection  to  the  outside  tanks.  Wilii  this  modified  layout,  the 
larger  pump  was  found  to  give  the  necessary  control  and  the  smaller  pump  was 
no  longer  used. 

The  133  ft.  length  of  the  coil  was  fitted  with  transducers  for  indicating 
pressures  at  six  points,  as  evenly  spaced  along  its  length  as  practicable. 


Branch  connections  were  made  at  each  point,  so  that  the  transducer  heads  were 
in  line  with  the  inside  wall  of  the  pipe  and  did  not  obstruct  the  flow.  The 
transducers  were  Salford  Electric  Compaiyr  Instruments  and  the  pressures  were 
indicated  on  distant  reading  galvanometers  mounted  on  a  panel  outside  the 
temperature  controlled  room.  Each  transducer  was  calibrated  to  read  pressures 
from  4-3  to  -13  p.e.l.  to  an  accuracy  of  t  of  the  full  scale  reading 
(t  0.2  p.s.l.).  These  instruments  had  also  been  used  previously  at  full  scale 
pumping  trials,  when  it  had  been  found  that  an  accuracy  better  than  this  was 
usually  obtained. 

All  temperatures  were  measured  by  oopper-constantan  thermocouples 
connected  to  12-polnt  Honeywell  Brown  potentlometric  recorders  steunplng  every 
30  seconds.  Each  300  gallon  storage  tank  and  the  450  gallon  internal  tank  was 
provided  with  seven  thermocouples  and  thermocouples  were  also  provided  at  the 
inlet  and  outlet  of  the  coil  and  pump.  Additional  thermocouples  were  supplied 
at  different  points  in  the  room,  in  the  wall  of  the  pipe  at  point  No.  6  and  for 
use  with  the  laboratory  instruments,  such  as  Eerranti  and  conioylindxd-cal 
viscometers  and  C.R.C.  tubes,  also  situated  in  the  room.  As  temperature 
measxirements  were  not  required  from  all  the  external  tanks  at  any  one  time,  the 
points  in  the  recorders  were  distributed  to  read  the  temperatures  required  for 
the  particular  experiment. 

It  was  also  required  to  measure  temperatures  across  the  pipe  in  some  of 
the  experiments.  Three  points  were  selected;  one  between  transducers  Nos. 

1  and  2,  one  between  transducers  Nos.  3  and  4  and  one  near  transducer  No.  6. 
Three  thermocouples  were  fitted  at  each  point,  evenly  disposed  horizontally 
across  the  pipe  at  the  first  two  points  and  vertically  at  point  No.  6.  These 
were  connected  to  two  fujrther  recorders,  with  3  second  interval  stamping,  and 
positioned  to  give  a  continuous  picture  of  the  temperature  distribution  across 
the  pipe  at  these  points. 

The  temperature  controlled  room  was  a  standard  Lightfoot  40  ton  food 
store,  modified  by  A.O.L.  to  give  much  better  temperature  control  than  its  . 
original  design  permitted.  The  cooling  system  was  in  three  parts.  Firstly, 
a  refzdgerator  unit,  employing  Aroton  6  as  the  refrigerant,  cooled  brine  in 
the  brine  tank;  secondly,  the  brine  was  circulated  around  coils  in  a  compart¬ 
ment  of  the  room;  and  thirdly,  two  12  inch  fans  circulated  air  over  the  brine 
oolls  and  throu^  the  main  part  of  the  room,  on  a  closed  cycle.  A  resistance 
wire  heating  element,  siq>plied  with  current  through  a  Variac,  was  situated  on 
the  air  inlet  side  of  the  fans  and  provided  the  necessary  heat  for  the  higher 
teiiq)eratures. 

The  refrigerator  unit  was  controlled  by  a  coarse  thermostat  in  the  brine 
tank  which  could  be  set  ly  hand.  The  temperaturo  of  the  brine  pmped  through 
the  brine  colls  was  regvilated  by  permitting  varying  quantities  of  brine  to 
re-pass  through  the  coil  without  passing  through  the  brine  tank;  this  was 
performed  ly  an  automatic  by-pass  valve  operated  through  an  electronic  panel 
and  controlled  by  two  sensitive  thermostats  in  the  main  part  of  the  room.  The 
set  point  (l.e.  the  tei^erature  required  in  Ihe  room)  was  regulated,  by  setting 
a  potentiometer  fitted  on  the  panel.  This  potentioie  ter  was  operated  by  an 
oscillating  follower  on  a  cam,  wMch  was  of  the  form  of  an  Arohimenoan  spiral 
and  could  be  set  in  one  position,  or  rotated  to  reduce  the  set  point  ly 
per  day  between  60®P  and  32*5'. 

It  may  be  noted  in  Figure  2  that  the  "Slg",  as  desired  and  constructed, 
also  included  two  33  ft.  coils  of  one  inch  internal  diameter  pipe,  with  sight 
glasses  at  the  ends,  as  with  the  4  inch  pipe  coil,  which  could  be  included  in 
or  isolated  from  the  larger  coil  by  appropriate  valves,  a  s  desired.  These 
ooils  were  intended  to  permit  "scale  effects"  to  be  studied  and  provided  an 
intermediate  scale  between  glass  laboratory  apparatus  and  the  4  inch  pipe. 

The  langtVll<uieter  ratio  of  the  smaller  coils  was  the  same  as  that  of  the 
larger.  In  fact,  the  ssutller  ooils  were  never  used. 

The  electricity  for  all  the  instruments  used  was  supplied  through  a 
voltage  stabiliser. 

3.  Fuels  Studied 

It  was  oonsldered  that  about  six  fuels,  each  one  of  the  more  viscous 
exa^les  of  its  type,  would  be  sufficient  to  provide  information  of  the  worst 
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state  which  might  reasonsbiy  be  expected  I'rca  fuels  purchased  to  S.N. 
specifications  under  adverse  conditions  (e.g.  in  a  damaged  ship  in  Arctic 
waters)*  While  it  would  be  of  Interest  to  study  a  larger  number  of  fuels, 
six  were  as  msiz^  as  could  be  examined  in  a  reasonable  time.  Aqy  others  which 
auor  be  of  special  interest  can,  if  the  need  arises,  be  studied  later*  The 
fuels  chosen  were  of  different  -types,  selected  on  grounds  of  general  experience; 
partly,  as  a  result  of  the  actual  ccnditlon  of  fuels  examined  in  shore  storage, 
or  pumped  under  observed  conditions  in  depot  pipelines;  and,  partly,  to  include 
"borderline"  fuels,  about  the  limit  or  Just  outside  the  pumpabillty  requirements 
laid  down  in  specifications  S.  in  C.  0-1  and  0-1A  for  Schedule  390  and  390A 
fuels.  The  relevant  details  of  R.N.  furnace  fuel  oil  speoifloatlons  from  1939 
to  1962  are  set  out  in  Table  1  and  partioulars  of  the  fuels  selected  for  study 
are  set  out  in  Table  2. 

(a)  Persian  ?-36  ex  Tank  7  gillingholme 

Considerable  quantities  of  Persian  ?-36  fuels  were  supplied  prior  to 
the  temporaxy  closing  of  Abadan  refinery,  owing  to  politLoal  troubles,  in 
1951.  Plow  points  were  normally  45  or  509P  and  viscosities  at  1229 
about  100  secs.  Sedwood  I,  i.e.  about  the  maximum  permissible  for  fuels 
of  this  flow  point.  Some  supplies,  such  as  this  tank,  were  a  little 
above  the  100  second  limit.  These  fuels  were  normally  fluid  and  easily 
handled  at  temperatures  much  above  509,  but  thickened  rapidly  as  -the 
temperature  was  reduced.  At  the  time  of  the  winter  pumping  trials,  at 
the  Eilllngholme  depot  in  Pebruary  1955>  this  fuel  had  gelled  at  the 
surface,  but  the  bulk  oil  beneath  the  gelled  Ityer  was  pumped  without 
undue  diffloul-ty  at  509.  The  performance  of  this  oil  at  32  to  3^9  was 
considered  likely  to  be  of  Interest. 

(b)  Persian  P-21  ex  Tank  38  Killingholme 

This  fuel  is  well  outside  the  pumpabili-ty  requirements  of  any  R.N. 
specification  published  since  1953.  Considerable  quantities  of  Persian 
P-21  fuel  were  purchased  be-tween  1948  end  1951.  The  fuel  in  Tank  38 
Klllingholme  gelled  very  firmly  on  top  during  winter  mon-ths*  In 
Pebruaiy  1955,  when  it  was  pumped,  fluid  but  viscous  oil  came  into  the 
pipeline  at  529  and  moved  so  slowly  that,  with  silr  teiqperatures  around 
309,  it  cooled  and  was  only  with  difficulty  got  out  of  the  pipe  before 
it  gelled.  This  fuel  was  clearly  an  extreme  ease  and  it  was  decided 
-to  examine  it  in  the  rig  last  of  all. 

(0)  Bahrein  ex  Tank  40  Inveraordon 

This  fuel  was  part  of  a  consignment  supplied  against  IT.S.N, 
specification  MIL-f-839  for  U.S.  Navy  Special  fuel.  But,  since  none  of 
the  oonslgnment  met  -the  specification  requirement  for  a  pour  point  of 
159  maximum,  it  must  have  been  "approved"  as  passing  the  P.  &  0. 
fluidity  test  in  place  of  the  pour  point  requirement.  This  is  now 
permissible  under  the  terms  of  the  latest  version  of  the  speoifioation, 
MIL-P-859D,  but  at  that  date  it  was  not.  The  consignment  gelled  during 
the  first  winter  to  such  an  extent  that  half -bricks  placed  on  tcp  of  the 
oil  in  -the  tanks  did  not  sink.  The  bulk  of  the  oil  beneath  the  gelled 
layers  remained  fluid  but  of  high  viscosity  at  temperatures  of  50  to  559. 
After  -three  years  storage,  the  fuel  was  issued  in  autusn  to  Pleet  tankers 
and,  as  a  high  loading  rate  was  demanded,  the  tanks  had  to  be  heated. 

A.O.L.  became  specially  interested  in  this  oil  when  it  was  discovered 
-that  -the  oil  in  Tank  4O  met  the  flow  point--viscosity  reqxiirements  laid 
down  in  R.N.  specifications.  Other  tanks  examined  were  more  vlsoous 
than  this,  but  at  least  one  other  complied  with  the  R.N.  requirements. 

(d)  Curacao  ex  Tank  50  Klllingholme 

Schedule  390  fuels,  now  known  as  Orade  7^30,  may  have  viscosities 
at  1229  of  up  to  300  secs.  Redwood  I,  if  flow  points  do  not  exceed  309. 
Puels  purchased  against  this  requirement  are  normally  supplied  to  the 
R.N.  from  Trinidad,  Aruba  or  Curacao.  Trinidad  and  Aruba  fuels  have 
been  found  to  have  flow  points  of  09,  or  less,  and  in  bulk  storage  have 
cooled  to  30  to  409  whilst  still  remaining  fluid  and  not  unduly  vlsoous. 
This  Curacao  fuel,  however,  although  its  flow  point  was  -109,  was  found 
to  have  thickened  in  storage  when  its  bulk  temperature  Wbs  only  479 


during  the  winter  pimping  trlala  in  February  1955*  Low  flow  point  Aruba 
fuel  in  the  depot  at  that  tine  had  a  tempera ture  of  36*^.  The  Ciiraoao 
fuel  waa  therefore  selected  for  rig  trials.  As  few  of  the  considerable 
number  of  fuels  from  this  refinery  were  available  for  inspection  in  U.K, 
long  tenn  storage,  it  is  not  Imown  whether  its  storage  behaviour  is  good, 
poor  or  average  for  oil  from  this  source.  It  would,  however,  appear 
possible  that  similar  fuels  with  viscosities  of  300  sees.  Redwood  I  at 
122®P  might  have  storage  properties  inferior  to  those  of  this  example. 

(e)  Kent  ex  Tank  8  Killingholme 

A  number  of  fuels  produced  by  Kent  Refinery  from  Kiddle  East  Cznide 
have  been  studied  in  depots.  This  one  was  the  most  viscous  in  shore 
storage;  this  is  not  surprising  as  it  was  found  after  delivery  that  it 
failed  to  meet  the  flow  point-viscosity  clauses  for  Schedule  390  and  39QA 
fuels.  If,  however,  its  flow  point  had  been  not  45*^,  it  would 

have  been  acceptable.  This  is  the  only  one  of  a  number  of  consignments 
having  viscosities  at  122*^  between  I30  and  175  secs.  Redwood  I  which  had 
a  flow  point  greater  than  40‘^.  All  others  had  flow  points  of  23  to  40^ 
and  were  acceptable.  It  was  selected  for  rig  trials  as  an  unusual  and 
the  least  pumpable  speclment  received  from  the  Kent  Refinery. 

(f)  Mixed  Kent  and  Stanlow  ex  Cell  5  Rosvth 

Fuel  from  this  cell  was  taken  for  Arctic  pumping  trials  in  R.F.A. 
Tldereach  In  January  1959,  described  in  another  report(6).  The  oil  had 
shown  signs  of  thickening  in  the  cell  between  January  1959  and  a  previous 
Inspection  in  March  1958.  it  was  found  that  the  oil  taken  on  board 
R.F.A.  Tidereach  remained  very  fluid  down  to  44*^,  the  lowest  temperature 
to  which  it  cooled  in  the  time  available  for  the  trial.  Meantime, 
arrangements  had  been  made  for  the  small  amount  of  oil  remaining  in 
Cell  3  to  be  despatched  to  A.E.L.  for  trial  in  the  rig.  This  residue 
proved  to  be  thicker  than  any  samples  taken  from  the  call  and  much 
thicker  than  the  fuel  received  on  board.  Moreover,  it  failed  the 
pumpabllity  clauses  of  R.N.  specifications.  It  is  considered  that  some 
segregation  must  have  taken  place  in  store  and  that  this  residue  was  less 
pumpable  than  the  bulk  oil  supplied.  However,  it  provided  another 
extreme  example  for  rig  trials. 

These  six  fuels  were  transported  to  the  rig  in  40  gallon  drums.  The  F-36, 
F-21  and  Curacao  fuels  were  stored  in  the  3OO  gallon  storage  tanks  provided. 

The  others  were  put  into  convenient  drum  storage  in  the  vlclnlly  until  required. 

4.  Baals  for  Operation  of  the  Pumpabilitv  Rig 

An  installation  of  the  lype  described  in  Section  2  of  this  report  could 
have  been  regarded  merely  as  a  means  of  simulating  typicml  service  conditions, 
such  as  time  of  cooling  before  pumping  and  applied  ^ear  stress,  in  order  to 
ascertain  whether  selected  fuels  could  be  pumped  under  the  conditions  postulated. 
In  addition,  however,  it  was  desired  to  learn  more  of  the  relationship  between 
practical  pumping  and  measurements  mads  in  laboratory  apparatus. 

The  items  on  which  information  was  required  were  reduced  to  three:- 

(a)  the  minimum  shear  stress  required  to  produce  flow; 

(b)  the  time  required  to  achieve  a  steady  rate  of  flow;  and 

(0)  the  s  teady  flow  rate  which  could  be  achieved  with  the  forces 
available . 

The  large  scale  field  trials(4)(9)(l0) 

gave  the  following  Information: - 

(a)  flow  could  be  expected  once  the  yield  value  of  the  oil,  as 

determined  in  laboratory  yield  value  tubes,  had  been  exceeded; 

(To  this  was  added  the  xdder  that  flow  could  even  commence 
after  maiy  hours  pumping  when  the  average  shear  stress  along 
the  line  initially  gelled  was  less  than  the  yield  value 
determined  in  small  yield  value  tubes)  • 
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(b)  th«  rat*  of  inoraaae  in  flow  oould  ba  deduced  bgr  dlreot  oomparlsoa 
with  the  Inoreaae  at  shear  rate  when  the  oil  was  subjeoted  to  a 
oonstant  shear  stress  In  a  ooaxLal  cylinder  visooaeter* 

(o)  pipe  ▼isoositieSf  onoe  steady  flow  conditions  had  been  established^ 
were  normally  about  the  sane  magnitude  and  probably  nerer  acre 
than  twice  equilibrium  Tlseosities  determined  in  coaxial  cylinder 
viscometers  at  the  sane  rate  of  shear. 

Let  us  examine,  more  closely,  the  factors  involved:-  Bingham showed 
that  a  gelled  fluid  in  a  pipe  comnenoes  to  flow  when  the  shear  stress  at  ^e 
pipe  wall  exceeds  the  yield  value.  tThis  was  elaborated  by  Buokinghan(l2)  into 
an  equation  to  describe  the  flow  of  the  fluid  as  the  plug  moves  along  the  line 
and  slowly  breaks  down.  Kis  treatment,  however,  assumed  that  the  fluid  has  a 
unique  viscosity  for  each  applied  stress,  not  a  vlsoosity  which  changes  with 
time  of  shearing.  At  the  time  the  Panel's  work  oommenoed,  little  useful 
information  was  available  as  to  the  properties  of  tine-dependent  flid.ds. 

It  is  known  that  visible  flow  does  not  commenoe,  immediately  stress  is 
applied  to  a  gelled  fuel,  imless  the  stress  is  well  above  its  yield  value.  It 
has  been  suggested  that  the  deity  is  caused  by  the  high  initial  viscosity  of 
the  fuels  and  the  time  requiiwd  for  the  novement  to  reach  measureable 
dimensions.  This  has  led  to  discussion  as  to  how  much  movement  in  a  four 
inch  (or  larger)  pipe  shall  be  regarded  as  equivalent  to  the  initial  movement 
deteetable  in  a  narrow  (I7  on)  yield  value  tube.  So  far,  the  possible 
distortion  of  the  gel  befora  yielding  has  not  been  considered  at  all. 
Billington's('*3)(1fi-)(15)(1o)  treatment  of  the  gelled  fluid  as  visoo-elastic, 
involved  the  asavuaptlon  that  the  gel  will  distort  in  response  to  aiy  aq>plied 
stress  until  the  strain  equals  the  stress  or  the  elastic  limit  is  passed  and 
flow  commences.  This  envisages  movement  under  stress  before  the  point  is 
reached  at  which  flow  oommenoes. 

The  1^  am  diameter  yield  value  tube,  originally  described  by  Crlll  and 
Husaell(l7)  and  employed  by  the  A.P.L.A.C.  Panel('l^\  was  the  principal 
apparatus  employed  to  determine  yield  value.  A  few  results  were  obtained  in 
the  1  cm  diameter  tubes  described  by  workers  at  the  U.S.  Naval  Boiler  and 
Turbine  Laboratory  and  developed  from  those  originally  described  by  the 
Calif om^  Research  Station.  These  tubes  are  referred  to  herein  C.R.C. 
tubss('l9)(20).  They  have  been  claimed  to  be  less  liable  to  error,  owing  to 
the  possible  presence  cf  air  bubbles,  than  are  the  narrow  bore  yield  value 
tubes. 

Tolds  and  air  bubbles  can  also  occur  in  a  large  pipe,  espeoially  if  the 
oil  is  cooled  in  a  pipe  which  is  sealed  at  both  ends.  The  stand  pipes  were 
used  as  a  reserve  of  oil  to  permit  the  pipe  to  be  cooled  with  the  valves  at 
each  end  shut.  When  the  oil  gels,  it  is  still  subject  to  strain  caused  by 
expansion  and  ccntraotion  with  fluctuation  in  the  temperature  of  the  cold 
room,  even  althoimh  these  msy  not  exceed  1  tOF. 

Both  the  A.F.L.A.C.  Panel's  yield  value  methodC'^^)  and  the  C.R.C.  method 
(20)  apply  shear  stress  increasing  in  steps  by  about  30  dynes/cm2  errpry  five 
minutes.  The  Panel's  method  takes  yield  value  as  the  shear  stress  at  which 
first  novement  is  observed.  This  miy  be  high,  because  insufficient  time  is 
permitted  for  visible  movement  to  take  place,  whether  we  ascribe  this  delay 
to  purely  viscous  effects  or  to  visco-elastic  effects.  An  alternative 
procedure,  therefore,  is  to  subject  a  series  of  tubes  to  a  series  of  shear 
stresses,  one  shear  stress  per  tube,  and  note  the  time  that  elapses  till 
movement  occurs. 

In  practice,  it  is  required  to  knew  the  shear  stress  at  which  flow  in  a 
pipe  will  commence  in  a  "reasonable  time”,  which  obviously  must  be  defined 
for  the  purpose  in  hand.  It  was  considered  that  ships'  staff  would  not  take 
kindly  to  a  situation  in  which  no  measurable  flow  occurred  in  30  minutes,  or 
at  most  one  hoiu*,  after  starting  up. 

It  had  originally  been  intended  to  conduct  the  yield  value  experiments 
via  the  stand  tubes,  then  switch  to  the  main  pump  onoe  some  movement  of  oil 
had  already  occurred.  It  was  decided  after  prellninaxy  trials  not  to  attempt 
to  determine  minimum  yield  value  in  the  four  inch  pipe,  since  on  the  one  hand 
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this  would  entail  increasing  the  shear  stress  applied  to  the  pipe  small 
increments  at  intervals  of  one  hour  or  more  and  would  be  very  time  oonsiudng, 
and  on  the  other  hand  would  upset  the  time  scale  for  the  subsequent  pumping  of 
the  line.  Instead,  each  run  was  conducted  by  putting  a  suction  on  the  lino, 
using  the  main  pump  and  operating  it  and  the  valve  system  to  give  some  definite 
pressure  drop  down  the  line.  Xhe  flow,  obtainable  on  start  up,  and  the  rate 
of  shear  of  breakdown  were  to  be  compared  with  the  results  obtained  in  constant 
shear  stress  coaxial  cylinder  viscometers. 

Bxpezdments  were  oarried  out  under  two  conditions.  Tirst,  with  a  gelled 
line  and  tank  full  of  gelled  oil,  i.e.  both  line  and  cold  room  tank  fllled  and 
cooled  until  both  had  ample  time  to  stabilise  at  cold  room  temperatxure.  On 
pumping,  the  oil  initially  in  the  pipe  was  continually  replaced  by  cold  oil 
from  the  tank.  The  second  condition  was  that  in  which  the  line  was  cold  and 
gelled,  the  cold  room  tank  containing  warmer  fluid  oil.  This  condition  could 
occur  in  a  depot  if  the  lines  were  left  full  of  oil  in  the  winteri  or,  in  a 
ship,  when  the  pipe  passes  through  flooded  compartments.  Dhder  this  condition, 
as  the  cold  gelled  oil  passes  through  the  pipe,  it  is  replaced  by  fluid  oil  of 
much  lower  viscosily.  Even  if  the  total  pressure  drop  from  cold  room  tank  to 
pump  is  held  constant,  this  pressure  is  largely  confined  to  a  shorter  and 
shorter  length  of  cold  gelled  oil.  The  shear  stress  on  this  cold  oil  thus 
rises  and  the  oil  ultimately  leaves  the  line  rapidly. 

It  was  decided  to  attempt  to  simulate  both  conditions  in  the  programme. 

A  further  step  was  to  fit  groups  of  three  thermocouples  across  the  pipe  at 
three  points  and  connect  these  to  high  speed  recorders  to  establish.  In  the  line 
clearing  a]g>eriments,  when  the  warm  oil  displaced  the  cold  oil  and  whether  it 
did  so  on  an  even  front. 

Once  steady  flow  was  established,  the  field  trials  indicated  that  tdie  pipe 
viscosity  may  be  eiqpeoted  to  be  the  same  as,  or  at  most  twice,  the  laboratory 
equlllbii.ua  viscosities  at  the  sane  rate  of  shear.  The  rate  of  shear  was 
selected  by  applying  Poiaoullla's  equation  to  the  flow,  i.e.  no  account  was 
taken  of  the  non<4(ewtoaian  charaotezlstics  of  the  oil.  This  is  an  enplrioal 
rule  based  on  field  experiments.  It  was  also  found,  in  the  field,  that  the 
distuxt>lng  effect  of  drawing  the  oil  from  the  tank  into  the  pipe  and 
accelerating  it,  from  rest  to  the  rate  of  flow  in  the  pipe,  must  have  done  a 
substantial  amount  of  shearing.  It  was  observed  that  pressure  drops,  and 
therefore  shear  stresses  in  the  first  section  of  the  pipe,  ware  sometiass 
greater  than  those  further  along.  But  within  the  possible  error,  narmally 
about  2S|^,  it  was  not  possible  to  detect  toy  further  decrease  of  shear  stress 
as  the  oil  passed  down  the  pipe. 

It  was  considered  that  direct  observation  of  pressure  drops  along  the 
4  inch  pipe  would  confirm  the  presence  or  otherwise  of  substantial  breakdown  as 
the  oil  moves  down  the  pipe.  In  order  to  perform  visooslly  measurements  at 
constant  rates  of  shear,  steel  beakers  of  about  the  same  diameter  as  the  pipe 
were. filled,  each  time  the  pipe  was  filled,  and  left  in  the  cold  room.  In 
addltico,  steel  beakers  were  hung  in  the  cold  room  tank  at  various  levels  to 
retain  oil  from  these  levels  when  the  tank  was  pumped  out.  Several  Ferranti 
Portable  Viscometers  were  employed  on  these  samples.  These  viscometers  were 
not  left  continuously  in  the  cold  room,  but  were  placed  gently  in  poaitlon  in 
the  sanqiles  to  be  tested  on  the  diy  before  they  were  operated. 

5*  IVelininary  Provina  Runs 

(a)  Calibration 

In  order  to  gain  Ktperieaoe  with  the  control  of  the  rig,  to  asoertain 
the  actual  pipe  diameter  and  the  possible  errors  of  the  various  instruments, 
proving  runs  were  oarried  out  at  32  to  67^,  using  a  oalibratian  oil  which 
behaved  as  a  Eewtonian  fluid  at  temperatures  in  this  range.  From  these 
runs  it  was  determined  that:- 

(1)  tbs  true  internal  diameter  of  the  test  coil  installed  in  the 

oold  room  waa  3.96"  (-  0.04)  and  the  nominal  internal  diameter 
of  4  inobes  ooold  therefore  be  used  in  oaloxilations; 


-  7  - 


(il)  the  pressure  transducers,  which  were  stated  to  hawe  an  accuracy 
of  1  0.3  p.a.l.,  if  frequently  calibrated  would  give  pressure 
differences  which  were  accurate  to  t  0.2  p.s.l.  between  two  points 
on  the  ooil. 


N.B.  The  results  had  to  be  considered  in  relation  to  the  followingt 

Rressure  Drop 
between  nts.  1  and  6 
i.e.  over  whole  length 


Average  Shear 
Stress  over  Pine 


150  dycei/ow^ 
300  * 

500  " 


3*k  p.s.l. 
6 .8  p. s .1. 

11.3  p.a.i. 


A  pressure  difference  of  0.2  p.s.l.  over  sections  of  the  pipe  was 
equivalent  to  a  shear  stress  of 

Points  1  to  6  1__to_2  2  to  3  A  to  5  ^_to_6  A  to  6 

Shear  Stress 

dynea/on^  9  50  AO  A5  37  57  22 

(ill)  rates  of  flow  could  be  read  to  an  accuracy  of  1  and  a  flow  of 
OJSZ  gallon  could  be  detected  at  low  flow  rates; 

(iv)  tenperatures  could  be  read  to  about  t  0.3*^  with  the  Honeywell 
Brown  recorders 

(v)  the  temperature  variation  over  the  whole  cold  room  was  about  -  1*^ 
of  the  required  teiiq>erature. 

Incidentally,  it  was  observed  that  the  centre  of  the  qold  room  <-.nnir 
cooled  much  more  slcwly  than  the  pipe;  in  order  to  improve  heat  transfer 
and  thus  save  tine  to  reach  equilibrium,  metal  sheets  were  hung  at 
intervals  in  the  cold  room  tank  during  later  3nms. 

(b)  Oil  Change-over  Procedure 

After  the  calibration  runs  had  been  completed,  the  problem  to  be 
solved  was  how  to  remove  the  calibration  oil  from  the  system,  completely, 
and  to  replace  it  by  the  first  test  oil.  The  problem  was  oomplicated  by 
the  fact  that  outside  ambient  tenperatures  were  low  and  the  but,  containing 
the  pumps  and  pipework,  as  well  as  the  cold  room,  was  practically  unbeated, 
so  the  temperature  of  all  parts  of  the  system  tended  to  fall  rapidly  into 
the  range  where  the  calibration  oil  became  vezy  viscous.  .. 

It  was  stored  in  tank  6,  fitted  with  steam-heating  coils.,  so  as  much 
of  the  oil  as  possible  was  puBq>ed  back  into  the  tank,  heated  to  lOO^’F  and 
then  pumped  around  the  circuit  until  the  temperatures  everywhere  approached 
this  temperature.  The  temperature  of  the  cold  room  itself  was  set  as 
high  as  possible,  around  809P,  and  the  process  of  removal  started  by 
pumping  as  much  oil  as  possible  back  into  tank  6,  removing  as  much  as 
possible  from  the  cold  room  tank  by  portable  pump  and,  finally,  opening 
all  drain-cocks  and  draining  for  three  days.  Bven  then,  it  was  still 
necessary  to  clean  out  the  cold  room  tank  and  the  lowest  part  of  the  pump 
by  hand,  to  ensure  that  as  little  as  possible  of  the  calibration  oil 
remained. 


It  will  be  appreciated  that  only  limited  quantities  of  the  test  oils 
could  be  stored  adjacent  to  the  rig,  so  the  minimum  wastage  by  flushing 
was  essential  and  it  was  decided  to  rely  on  the  above  draining  and  cleaning 
procedure  for  the  tank  and  pipework  inside  the  cold  room,  maintained  around 
80bF,  and  to  use  the  test  oil  only  for  flushing  the  cold  parts  of  the  system 
outside  it,  using  the  minimum  quantity  considered  adequate,  and  ultimately 
discharging  the  "mixed"  flushing  oil  to  tank  3,  which  was  used  as  the 
slop-tank.  Blnally,  the  system  was  again  drained  and  the  lowest  parts  of 
the  pump  cleaned  out  by  hand  before  the  whole  rig  was  filled  with  the  first 
test  oil.  This  type  of  ohangeover  procedure  was  followed  each  tine  the 
rig  was  filled  with  a  new  test  oil. 
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(o)  Persian  g-56  ex  Tank  7  Killln«diola» 


This  was  the  first  test  oil  used.  It  had  been  stored  in  external 

tanks  1  and  2  for  some  months  before  it  was  tested  and  had,  of  course, 

undergone  variations  in  temperature  even  more  marked  than  oil  in  depot 
storage.  The  whole  rig  was  filled  with  this  oil,  as  were  the  cold  room 
tank  and  various  Instruments.  The  cold  room  was  then  set  to  cool  to 
36*9.  After  14  days,  when  the  oil  was  pumped  out,  the  pipe  had  reached 
36°F,  but  the  bulk  of  the  oil  in  the  cold  room  tank  had  a  temperature  of 
about  36^.  For  the  next  run,  the  oil  was  allowed  21  days  to  attain  a 
test  temperature  of  38^  and  was  then  pumped,  after  some  preliminazy  work 
with  yield  value  tubes,  both  pipe  and  tank  being  about  the  same 
temperature. 

In  these  two  runs  (Nos.  42  and  43)  the  suction  rose  rapidly  to  the 

maximum  available  sind  became  concentrated  along  the  line  of  cold  oil  in  the 

cold  room,  giving  a  shear  stress  between  points  1  to  6  of  nearly  6OO  dynes/ 
cffl2  when  flow  commenced.  Once  flow  commenced  and  cold  oil  flowed  as  far 
as  the  pump,  the  available  pressure  drop  was  divided  more  evenly  down  the 
whole  line.  When  steady  flow  rate  had  been  established  the  shear  stress 
between  points  1  and  6  was  between  420  and  48O  dynes/cm^,  the  exact  figiure 
depending  on  the  head  of  oil  in  the  cold  room  tank,  the  pump  exerting 
maximum  suction  all  the  time. 

Further  runs  were  uierde  after  the  flow-meter  was  transferred  from  the 
delivery  to  the  suction  side  of  the  pump,  being  now  sited  as  shown  in 
Figs.  1  and  2.  It  was  then  possible  to  hold  a  pressure  drop  equivalent 
to  an  average  shear  stress  of  4OO  dS^e^cm^  between  points  1  and  6,  for 
the  diuration  of  a  pumping  run.  Run  43  was  conducted  to  confirm  this,  oil 
which  had  been  in  the  cold  room  for  some  months  while  the  rig  was  not  in 
use  being  used  for  this  purpose. 

•  Outline  of  Main  Programme 
(a)  Selection  of  Teat  Conditions 


When  the  rig  was  first  proposed,  it  had  been  considered  that  fuels 
were  likely  to  cool  to  32PF  in  unheated  ships'  tanks  in  Arctic  waters. 

The  ship  trials,  irtiich  had  been  attempted  meantime,  had  demonstrated  that 
a  more  realistic  minimum  temperature  would  be  36*9,  as  the  lowest  tempera¬ 
ture  reported  in  ships'  storage  tanks  were  around  38°F.'  It  was,  however, 
still  envisaged  that  fuel  lines  in  a  damaged  ship  mi^t  be  surrounded  by 
near  freezing  sea  water.  It  was  therefore  decided  to  adopt  38^  as  the 
main  temperature  in  the  rig  x>rograinme  and  to  supplement  this  with  line 
clearing  experiments  in  which  the  pipe  had  been  filled  wilh  fuel  and 
cooled  to  329p. 

These  ejqjerlments  at  38'’F  and  32*7  were  aimed  entirely  at  conditions 
In  unheated  or  damaged  ships.  In  addition,  it  was  decided  to  study  the 
oils  at  48*7,  which  is  the  lowest  temperature  likely  to  occur  in  under¬ 
ground  storage,  where  oil  cannot  safely  be  heated,  and  therefore  an 
Important  temperature  in  relation  to  any  new  specification  pumpabili'fy 
test  for  the  R.N. 

The  next  Important  point  to  be  decided  was  the  time  fuel  should  be 
allowed  to  attain  the  test  temperature  before  its  condition  wets  assessed 
by  pumping  or  other  means.  Fuel  in  shore  storage  may  be  left  undisturbed 
for  years;  fuel  in  unheated  ships'  tanks  may  be  in  Arctic  waters  for  a 
few  weeks  before  it  is  required  for  use.  In  a  damaged  ship,  in  which 
flooding  has  occurred  and  tanks  and  lines  which  are  required  to  keep  the 
ship  going  are  surrounded  by  water,  it  is  unlikely  that  more  than  a  day 
or  two  will  elapse  before  an  attempt  is  made  to  pump  fuel. 

Although  it  mijd>t  be  theoretloallor  desirable  to  study  the  condition 
of  fuel  after  it  had  stood  undisturbed  at  48*7  for  an  extended,  period,  it 
would  not  be  Justifiable  to  use  the  lig  in  this  manner.  The  aim  rather 
was  to  leave  it  undisturbed  long  enough  to  permit  the  oil  to  obtain  a 
reMonably  uniform  condition.  This  condition  need  not  necewsArlly  be 
the  most  viscous  it  would  attain  if  left  longer,  but  one  which  was  not 
likely  to  change  sppreolably  during  the  pumping  and  associated 
rheological  measurements. 
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A  fair  waaks  cooling  should  siauljtia  tha  oooUng  of  a  igrplosl  unhaatsd 
fual  tank  In  a  ship  In  Arotio  waters.  Onoa  fuel  round  the  top.  bottom 
and  sides  of  the  cold  room  tank  surrounded  hy  air  at  galled  or  became 
too  tIsoous  to  permit  oonTection  currants,  tha  rata  of  cooling  of  tha  fual 
inside  tha  tank  was  graatijr  raducad.  Tharafora,  in  order,  to  promote  heat 
transfer,  steel  plates  ware  suspandad  vertically  in  tha  tuik  at  Intervals 
of  about  18  inches,  leaving  at  least  a  foot  unobstructed  at  tha  bottom. 
ITevartbelass,  the  tank  centra  still  cooled  considerably  slower  than  tha 
pipe.  It  was  decldsd  that  the  oil  in  the  tank  should  be  permitted  ample 
time  to  attain  a  structure  similar  to  that  of  the  oil  in  the  pipe  and,  in 
general,  three  weeks'  cooling  was  aimed  at  when  both  tank  and  pipe  were 
brought  to  the  same  tei^erature,  whether  that  temperature  was  or  48<9. 

In  line  clearing  experiments,  it  was  envisaged  that,  although  the  pipe 
might  have  been  surrounded  by  cold  water  for  a  few  days,  there  would  be  a 
siQ)pIy  of  warmer  more  fluid  oil  at  the  end  of  the  pipe.  It  was  not 
considered  llkaly  that  a  tank  of  fuel,  even  in  a  damaged  and  partially 
flooded  ship,  would  cool  to  the  pipeline  temperatures  and  itself  become 
impumpable  in  a  few  days.  Pumping  was  therefore  normally  attempted  after 
only  two  or  at  most  three  days  at  32^.  Some  line  clearing  ekperiments 
were  made  at  36 normally  before  an  attempt  to  pump  the  fuel  at  32^,  in 
order  to  determine,  under  rather  easier  conditions,  whether  an  esqperiment 
at  32^  would  be  feasible  with  the  fuel  under  examination. 

It  was  appreciated  that  the  oils  would  be  sheared  by  passage  through 
the  pump  when  the  pipe  system  and  cold  room  tank  were  filled  before  each 
run.  In  summer,  the  oil  would  probably  be  at  a  temperature  of  60  to  70PF 
on  filling.  It  was  decided  that  in  winter  tha  oils  should,  if  possible, 
be  raised  to  53  to  60^  by  continual  circulation  through  the  pump  before 
charging  the  system.  In  addition,  on  two  occasions  oil  was  heated  to 
over  909P  in  the  tank,  using  the  steam  heating  coils,  before  charging  tha 
system.  Normally,  the  cold  room  temperature  was  between  53  end  at 
tha  time  of  filling,  but  on  a  few  occasions  it  was  brought  to  the  test 
temperature  before  filling.  The  cold  room  cooled  from  about  60'9  to  36‘9 
ovenilght.  The  pipeline  oould  be  e]q>eoted  to  attain  the  test  temperature 
in  one  to  two  diys,  but  the  oil  in  the  centre  of  the  cold  room  tank,  even 
after  the  metal  plates  were  put  in,  took  well  over  a  week  to  attain  the 
test  temperature. 

Having  conditioned  the  fuel  at  the  test  temperature,  a  suitable  shear 
stress  then  had  to  be  selected  for  pumping.  At  43^,  the  obvious  shear 
stress  was  that  typloel  of  the  longest  depot  suction  linos,  which  had  been 
taken  as  a  basis  for  the  development  of  the  new  specific ation  pumpabllity 
test.  This  is  130  ^maa/o^.  In  ships'  pipelines  higher  shear  stresses 
are  available.  The  stu^  of  ship  conditions  already  referred  to  indicated 
that  a  reasonable  minimum  available  shear  stress  under  ship  conditions 
would  be  300  dynei/on2  and  this  was  therefore  adopted  as  standard  in  work 
at  32*9  and  36^.  Additional  shear  stresses  were  tried  at  all  three 
temperatures,  either  because  it  was  desired  to  demonstrate  by  actual 
pumping  the  behavlow  of  the  oil  under  varlotis  oondltloas,  or  because 
difficulty  was  experienced  in  handling  the  fuel  under  the  conditions 
first  tried. 

A  lengthy  study  of  the  behaviour  of  five  oils  at  32^,  36*9  and 
and  of  the  residue  from  Cell  5  Rosyth  under  the  conditions  achieved  when 
bulk  oil  from  this  Cell  was  pumped  in  the  Arotio  on  R.T.A.  Tldsreach  was 
then  carried  throu^.  This  was  supported  by  a  full  range  of  laboratory 
rheologloal  measurements.  These  measurements  had  to  be  limited  when  the 
oils  were  pumped  after  only  tao  or  three  djys  cooling,  as  only  a  limited 
number  could  be  made  in  the  cold  room  within  a  few  hours  of  the  actual 
pumping.  More  measurements  oould  be  made  after  three  week's  oooling,  as 
it  oould  be  assumed  ty  then  that  the  condition  of  the  fuel  would  not 
change  appreciably  in  a  few  days,  so  more  time  was  available. 

n:«otioal  experience  with  the  operation  of  the  rig  showed  that  the 
actual  fuel  temperature  at  the  time  of  pumping  oould  differ  by  up  to  1^^ 
from  that  aimed  at.  The  aotual  shear  stress  obtained  over  the  whole  pipe 
during  pupping  oould  also  differ  by  amounts  19  to  30  dynsi/oa^  from  that 
intended. 


10 


It  was  found  that  steady  flow  could  usually  he  obtained  before  the 
full  capaoiiy  of  the  cold  room  had  been  pumped  and,  on  a  number  of 
occasions,  the  applied  shear  stress  was  changed  after  steady  flow  had  been 
reached  at  the  initial  shear  stress  and  steady  flow  was  reached  once  more 
under  the  new  condition  before  the  tank  was  empty. 

(b)  Persian  g.36  ex  Tank  7  Killlngholme  -  Runs  42  to  Sti.  (Tables  5  and  k.) 

The  three  preliminary  runs  with  both  line  auid  cold  room  tank  filled 
with  cold  oil  have  alreai^  been  mentioned.  It  was  decided  to  start  the 
main  programme  with  a  run  at  The  oil  flowed  readily  under 

145  dynes/cm^  and,  when  the  shear  stress  was  raised  to  300  ^ynes/cm^,  the 
cold  room  tank  was  emptied  in  a  few  minutes  (Run  4^). 

Attention  was  then  concentrated  on  the  36^  condition,  starting  with 
line  clearing  runs.  For  these,  fresh  thermocouples  were  inserted  in  the 
line  and  some  difficulty  was  experienced  in  obtaining  a  vacuum  tight  seal 
at  the  thermocouples  near  point  6,  the  end  of  the  observed  section  nearest 
the  pump.  In  the  first  line  clearing  run  (No.  47),  when  full  p\imp  sucticn 
was  applied,  a  leak  developed  at  this  point  which  rendered  the  flow-meter 
readings  useless.  The  line  was  therefore  cleared  and  repairs  executed 
for  a  repeat  effort  (Run  48).  The  leak,  althou^  much  smaller,  was  still 
sufficient  to  upset  the  flow-meter  readings  and,  although  the  run  was 
carried  through,  taking  the  flow  rate  from  tank  dips,  the  results  may  have 
been  affected  by  air  in  the  pipe.  Even  a  small  volume  of  air,  at 
atmospheric  pressure,  represents  a  substantial  volume  at  low  pressure. 

In  all  subsequent  runs,  regular  dips  were  taken  in  the  outside  tank  in 
Order  to  detect  any  air  leaks  in  the  system. 

It' appeared  that,  after  7  days  at  36°P,  one  hour  was  required  to  clear 
the  line,  using  maximum  available  suction.  Two  further  line  clearing  runs 
followed,  both  after  only  three  days  cooling.  In  run  49  the  line  was 
cleared  in  18  minutes  using  maximum  suction;  in  Run  50,  58  minutes  was 
required,  using  about  300  dynes/cm^  overall  shear  stress.  Both  cold  room 
tank  and  pipe  were  then  filled  with  oil  and  allowed  16  days  to  stabilise 
at  36*^.  The  line  could  still  be  cleared  at  about  300  dynos/cm2,  but 
75  minutes  were  required  (Run  5l)>  4n  attempt  was  then  made  to  clear  the 
line  after  the  pipe,  only*  had  been  brought  to  329F  (R\in  52).  After  only 
two  days  at  32*^,  considerable  diffioully  was  experienced  in  clearing  the 
line,  about  I40  minutes  being  required  at  the  same  stress  to  reach  a  flow 
rate  of  only  l/lOth  gallon  per  minute;  it  was  considered  that,  with  a  few 
more  hours  cooling,  or  only  slightly  less  applied  shear  stress,  the  line 
might  not  have  been  cleared. 

Eor  the  next  two  runs  the  same  oil  was  heated  to  over  90*^,  as  mCQr 
occur  when  fuel  is  heated  before  being  supplied  to  a  ship,  then  both  tank 
and  pipeline  brought  to  43*^  and  36°F  for  Runs  53  and  54  respectively. 
Difficulty  was  encountered  when  for  Rim  53  the  lime  came  to  pump  the  oil 
at  489P  under  150  dynes/cm^.  Air  tenq)eratures  both  outside  and  inside  the 
hut  housing  the  cold  room  had  fallen  so  low  that  the  line  be'fcween  the  cold 
room  and  the  pump  was  at  32®F  and  the  oil  in  the  tanks  outside  was  several 
degrees  colder.  This  oil  was  circulated  round  the  lines  external  to  the 
cold  room  for  some  time  before  suction  was  applied  to  the  test  line. 
Although  some  flew  took  plame  immediately  suction  was  applied,  at  a  shear 
stress  later  found  to  have  been  135  dynes/cm2,  not  I50  dynes/om^  as 
intended,  flow  did  not  exceed  0.2  g.p.m.  in  66  minutes.  The  applied  shear 
stress  was  'then  increased  to  nearly  200  Clyaea/onZ  which  cleared  the  line 
slowly  and  a  steady  flow  rai»  was  eventually  reached. 

Owing  to  a  failure  of  the  thernos'tat,  this  oil  had  been  unintenticnally 
given  an  additional  heat  treatment  cycle  during  stcrage  for  this  run  and 
this  accident  may  have  contributed  to  its  condition.  Rim  54  O’!  3hPF  took 
place  with  air  temperatures  about  50PP  and  without  any  thermostat  trouble. 
The  line  had  been  cooling  for  23  days;  after  145  minutes  pumping  at  a 
shear  stress  of  about  300  dynes/cm^,  flow  was  still  only  0.3  g.p.m.  The 
shear  stress  was  therefore  increased  to  about  4OO  dyaea/om^  till  steady 
flow  had  been  established;  the  run  was  then  completed  at  300  dynes/cm^. 

These  runs  established  that  there  was  a  resonable  possibility  of 
clearing  a  line  of  this  oil  at  36®P  using  300  dynes/om2  she«u?  stress,  after 
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one  week's  cooling;  after  three  weeks,  diffloully  might  be  experienced. 

It  would  not  be  a  reasonable  risk  to  allow  a  line  of  this  oil  to  oool  to 
32*’?,  even  for  two  days,  if  only  300  dyne^om^  were  available  to  clear  it. 
These  runs  also  supplied  data  on  probable  pumping  rates.  l^loal  flow 
curves  are  shown  in  ?lg.  4* 

(o)  Bahrein  ex  Tank  40  Invergordon  -  Runs  55  to  61  (Table  5) 

This  oil  was  first  pumped  (Run  55)  after  line  and  cold  room  tank  had 
been  given  three  weeks  to  stabilise  at  48*9;  later,  it  was  pumped  at  3^^ 
(Bun  56).  Pipe  viscosities  at  36^  were  hl^,  but  not  as  high  as  the 
condition  the  shore  storage  tank  concerned  had  indicated.  It  also 
appeared  that  the  fuel  had  not  reached  a  uniform  condition  in  the  tank. 

The  pipe  and  cold  room  tank  were  therefore  given  seven  weeks  to  oool  and 
stabilise  at  36*^?  and  pumping  was  again  attempted  at  300  dyne8/om2  (Run  57). 
70  minutes  elapsed  before  the  flow  rate  reached  even  1/I0th  g.p.m.  and  pipe 
viscosities  were  considerably  higher  than  in  the  previous  run.  The 
remaining  four  runs  were  all  line  clearing  runs  which  established  that  this 
oil  took  longer  to  become  difficult  to  pump  at  36*9  or  32*9  under 
300  dynes/  om2  than  the  P.36. 

(d)  Residue  ex  Cell  5  Rosvth  -  Runs  62  and  63  (Table  6) 

Although  this  was  the  last  oil  to  be  added  to  the  programme,  it  was 
decided  to  test  it  at  this  stage  because  it  was  thought  that  the  results 
might  be  relevant  to  the  sea  trial  in  R.F.A.  Tidereach.  The  first  r\jn  was 
Intended  to  simulate  the  acttial  rate  of  cooling  of  the  oil  which  had 
occurred  on  board  the  tanker  in  the  Arctic  cruise.  After  stabilising  at 
52*9,  the  temperature  at  which  the  oil  was  loaded  on  board  the  tanker,  the 
cold  room  was  oooled  at  a  steady  rate  to  bring  the  pipe  and,  if  possible, 
cold  room  tank  also,  down  to  44*9  in  ten  days.  It  was  then  pumped  at  the 
two  shear  stresses  employed  in  the  trial  at  sea.  It  was  realised  that 
this  oil  was  more  viscous  than  that  actually  taken  on  board  ship,  but  it 
was  not  expected  that  it  would  take  nearly  70  minutes  to  reach  a  flow  rate 
of  1/I0th  g.p.m.  at  a  shear  stress  of  110  dynes/om^  and  263idnute8  to 
clear  the  line. 

It  was  then  pumped  after  three  weeks  at  36*^  to  provide  an  additional 
comparison  of  "pipe"  and  laboratory  data  before  it  was  taken  out  of  the  rig. 

(e)  Curaoao  ex  Tank  50  Killingholme 

After  the  I.P.  Symposiisn  on  Pumpabllily,  work  was  resumed  with  a 
study  of  this  fuel;  unfortunately,  it  was  found  after  the  changeover  that 
the  oil  in  the  cold  room  had  become  contaminated.  However,  there  was  a 
reserve  stock;  about  two  barrels  of  unoontaminated  oil.  This  did  not 
provide  sufficient  oil  on  which  to  operate  the  rig,  but  there  was  ample 
for  filling  beakers  for  constant  rate  of  shear  viscosity  measurements, 
viscometers  for  constant  shear  stress  viscosity  measurements  and  yield 
value  tubes.  These  were  therefore  filled  in  the  usual  manner  and  left  in 
the  cold  room,  which  was  then  brou^t  down  from  60^  to  36*9,  as  quickly 
as  possible,  and  left  at  this  tenperature  for  almost  three  weeks. 

Viscosity  and  other  measurements  were  then  made  in  the  normal  manner. 

The  apparatus  was  then  cleaned  out  and  re-filled.  The  cold  room  was 
brou^t  down  from  60<9  to  32*9  and,  after  a  week,  the  meastrements  wore 
repeated,  this  time  at  32*9.  Although  no  pumping  had  been  possible,  it 
was  hoped  that  an  estimate  of  the  pumping  characteristics  of  the  fuel 
could  be  made  from  these  measurements. 

(f)  Kent  ex  Tank  8  Klllinaholme  -  Runs  64  to  66  (Table  7) 

Since  the  stock  of  this  oil  had  been  laid  aside  for  test  in  the  rig 
when  the  cold  room  tank  was  only  of  I50  gallon  capacily,  and  no  more  had 
been  available  later,  it  was  only  possible  to  half -fill  the  enlarged  cold 
room  tank  and  to  pump  at  one  shear  stress  on  each  filling.  Three  pumping 
runs  were  made,  one  at  36.5^  and  two  at  32.5^j  all  at  just  under 
300  dynes/om^.  Ip  the  first,  both  pipe  and  tank  were  filled;  and  pimped 
out  after  26  days.  In  the  second,  only  the  pipe  was  filled.  It  was 
pumped  out  after  14  dsys  at  test  temperature,  plus  an  initial  period  T.hrn 
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when  the  temperature  control  failed.  As  no  pumping  difficulties  were 
encountered)  in  either  of  these  runs,  both  pipe  and  tank  ware  filled  for 
Hun  66  and  given  21  days  at  about  before  pumping.  Although  it  now 
took  two  and  a  half  hours  to  clear  the  line,  it  was  still  possible  to 
pump  this  fuel  at  about  300  dynes/om^. 

(g)  Persian  g.21  ex  Tank  38  Killinmholme  -  Runs  67  to  70  (Table  8) 

The  fuel  was  known  to  be  not  only  well  outside  the  requirements  of 
current  specifications,  but  also  much  more  viscous  at  winter  temperatures 
than  the  others.  It  was  therefore  expected  to  be  troublesome  to  handle 
at  36°F  and  the  programme  was  planned  accordingly.  The  available  simply 
was  again  only  sufficient  to  half -fill  the  cold  room  tank. 

First  of  all  the  lino  was  filled  and  left  for  seven  dsys  at  369F,  then 
the  cold  room  tank  partially  filled  with  freshly  pumped  fuel  at  about 
end  the  maximum  available  shear  stress  applied  to  the  line  (Run  67).  The 
line  was  cleared,  but  over  seven  hours  was  required  tp  .do  so.  In  a  repeat 
test,  after  three  days  at  this  temperature,  the  line  was  cleared  in  4  hours 
(Run  68).  For  the  next  run,  the  line  was  left  full  of  fuel,  for  six  days 
at  36*^,  then  freshly  pumped  oil  was  put  into  the  cold  room  tank  and  an 
atteiiq>t  made  to  clear  the  line  using  a  shear  stress  of  300  dyne^om^.  The 

line  did  not  yield  in  six  hours,  after  which  pumping  was  stopped.  The 
next  day  the  maximum  available  shear  stress  of  over  300  dynes/om^  failed  to 
cause  appreciable  flow  in  over  six  hours.  The  oil  in  the  cold  room  tank 

had  by  then  been  cooling  for  about  24  hours  and  conditions  were  therefore 
more  severe  than  in  Run  67  when  this  tank  was  filled  with  freshly  sheared 
oil.  The  cold  room  was  warmed  up  slightly  overnight  by  bringing  the 
teni>eratura  of  the  oil  in  the  pipe  to  between  38  to  40*^;  the  oil  in  the 
cold  room  tank  was  by  this  time  at  temperatures  ranging  from  38  to  40*9  at 
the  tank  wall  to  43  to  46‘*P  in  the  centre.  Pumping  was  again  attempted 
at  maximum  available  shear  stress  and  this  time  the  line  was  cleared  in  a 
little  over  two  hours,  the  shear  stress  in  the  test  sections  falling  from 
330  to  390  dynes/cm^  as  the  cold  oil  moved  on  into  the  rest  of  the  line 
between  the  cold  room  and  the  pump. 

Finally  tank  and  pipe  were  refilled  and  left  for  four  weeks  at  about 
30*^.  The  line  was  then  cleared  at  300  dynea/oa^  in  six  and  a  half  hours 
and  a  nearly  steady,  but  slow  rate  of  pumping  achieved. 

7.  Conditions  in  the  Pipe 

The  measurements  from  which  the  condition  of  the  oil  in  the  pipe  can  be 
deduced,  were  limited  to  flow  rate,  pressure  and  temperature.  In  the  early 
stages  of  pumping  this  flow  rate  can  exceed  the  true  flow  rate  in  the  observed 
sections,  owing  to  the  expansion  of  air  bubbles,  originally  at  atmospheric 
pressure,  as  the  pressure  is  reduced,  or  even  cwlng  to  air  coming  out  of 
solution  in  the  oil.  It  is  possible  for  an  air  bubble  to  expand  to  ten  to 
fifty  times  its  original  volume,  with  the  pump  operating  efficiently. 

After  the  initial  proving  runs,  the  flow  meter  was  sited  on  the  suction 
side  of  the  pump  at  the  point  where  the  test  line  leaves  the  cold  room,  in  order 
to  minimise  this  effect  and  great  care  taken  to  get  all  air  out  of  the  line. 
Initial  surges  of  0.3  to  0.7  gallons  still  ooourred  in  the  first  few  minutes  of 
pumping,  even  under  the  best  conditions.  Sometimes  the  Initial  surge  was 
several  gallons  in  amount.  Flow  rates  thereafter  represented  the  flow 
throughout  the  line. 

The  flow  rate  and  shear  stress  at  the  pipe  wall,  over  the  whole  of  the 
instzHimented  length  and  in  each  section  during  -typical  runs,  are  plotted  against 
time  in  Figs.  3  to  10.  In  the  first  three,  both  the  oil  in  the  pipe  and  the 
oil  in  the  cold  room  tank  were  at  the  same  temperature  and  had  been  at  that 
temperature  long  enough  to  attain  approximately  the  same  rheological  condition. 
The  second  three  are  line  clearing  runs  with  warmer,  much  more  fluid,  oil  from 
the  cold  room  tank  displacing  the  oil  in  -the  pipe. 

Fig.  3  relates  to  Run  55,  the  pumping  of  the  Bahrein  fuel  at  47.5^  after 
21  days  in  the  cold  room.  Steady  flow  was  reached  at  an  overall  shear  stress 
of  173  dynaa/om^  and,  again,  at  an  overall  shear  stress  of  315  dynes/om^.  This 
oil,  althougii  viscous  at  this  temperature,  could  not  be  described  as  gelled  and 
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only  had  a  small  yisld  value.  Flow  oommencad  at  the  flow  meter  as  soon  as 
suction  was  applied  with  an  initial  surge  of  0,3  gallon.  Increasing  flow 
followed  after  about  three  minutes  pumping,  almost  before  the  Initial  surge  had 
died  away,  and  steaiiy’  flow  was  reached  without  difficulty.  The  pressure  drop, 
and  hence  the  shear  stress,  in  each  section  of  the  pipe,  soon  settled  at  a 
value  which,  except  for  occasional  readings,  was  constant  within  the  anticipated 
experimental  errors  but  not  necessarily  the  same  in  each  section.  The  varia¬ 
tions  in  Section  3  to  6  are  the  most  pronounced,  partly  because  it  was  nearest 
the  pump,  and  most  liable  to  be  affected  by  slight  changes  at  the  valve  by  which 
the  pressure  drop  was  controlled,  and  partly  because  it  was  the  shortest  section, 
so  the  possible  error  in  calculations  of  shear  stress  from  pressure  drop  was 
largest  for  this  section. 

Fig.  6  related  to  Run  51,  in  which  F.36  oil  was  pumped  at  36®F  after 
16  days  storage.  Steady  flow  was  achieved  at  280  dynes/cm^  and  then  at  390 
dynes/cm2.  This  oil  appeared  to  have  gelled  and  associated  laboratory  measure¬ 
ments  indicated  that  it  had  an  appreciable  yield  value.  However,  the  suction 
applied  was  sufficient  to  s  et  up  flow  in  the  line  in  the  first  few  minutes,  the 
initial  surge  of  0.6  gallon  in  the  first  minute  being  succeeded  by  flow  increas¬ 
ing  from  about  0.1  g.p.m.,  the  minimum  figure  reached,  as  the  initial  surge  died 
sway.  The  graphs  for  flow  rats  and  shear  stress  during  this  run  follow  the 
same  pattern  as  that  shown  for  Run  33>  except  for  some  fluctuations  of  pressure 
and  shear  stress,  especially  in  the  sections  nearest  the  pump,  when  pumping 
started  and  when  full  auction  was  applied  at  about  110  minutes.  Since  the 
increase  in  suction  took  place  at  the  same  time  as  the  receiving  tank,  into 
which  the  oil  was  being  discharged,  filled  up  and  had  to  be  changed,  the 
pressure  fluctuations  were  unusually  large  on  this  occasion. 

Fig.  7  shows  another  example.  Run  64,  in  which  the  oil  ex  Kent  refinery 
was  pumped  at  36.59P  after  26  days  storage.  On  this  occasion,  0.5  gallon 
passed  the  flow  meter  in  the  first  minute,  as  suction  was  applied  and  the  fuel 
in  the  line  came  under  strain.  Flow  then  ceased  entirely,  for  about  10  minutes, 
then  started  very  slowly.  Steady  flow  was  eventually  achieved,  but  there  was 
insufficient  oil  to  permit  the  run  being  continued  at  a  higher  shear  stress. 

In  fact,  the  run  ended  when  the  cold  room  tank  was  nearly  empty  and  air  was 
being  sucked  along  the  line. 

Fig,  8  relates  to  Run  49,  the  clearing  of  a  line  of  F,36  fuel  at  369P, 
after  three  days  storage,  and  its  displacement  by  the  same  fuel  at  54*^,  which 
had  been  pumped  into  the  cold  room  tank  just  before  the  run.  Full  available 
suction  was  applied  and,  in  some  sections,  this  caused  shear  stresses  of  about 
800  dynes/om2.  Flow  started  immediately  with  2.45  gallons  in  the  first  minute, 
dropping  to  a  minimum  of  0.35  gallons  in  the  fourth  minute,,  then  building  up 
steadily.  Very  high  flow  rates  were  reached,  as  the  line  was  cleared  in  18 
minutes,  and  once  the  line  was  filled  with  the  warmer  oil  from  the  tank,  having 
a  viscosity  of  about  4  poise,  the  flow  rate  reached  nearly  70  g.p.m.  Fig.  8 
clearly  shows  the  reduction  of  pressure  drop,  and  hence  shear  stress,  in  the 
earlier  sections  of  the  line  as  the  thin  oil  displaced  the  viscous  cold  oil, 
the  accompanying  build-up  of  shear  stress  in  the  last  section  of  the  line,  and 
its  eventual  drop  when  the  thin  oil  reached  that  section.  There  was  a  reduction 
in  the  total  pressure  drop,  and  hence  average  shear  stress,  in  the  observed 
sections  as  the  cold  oil  left  the  cold  room  and  the  rest  of  the  line,  between 
the  cold  room  and  the  pump,  took  up  an  increasing  share  Of  the  available 
pressure  drop. 

Fig.  9  shows  Run  60,  a  line  clearing  run,  in  which  the  line  was  gelled,  and 
the  shear  stress  applied  was  comparable  with  the  yield  value  of  the  oil  derived 
from  yield  value  tube  measurements.  In  this  instance,  the  Bahrein  fuel  was 
cleared  from  the  line  at  32.5°?,  after  seven  days  storage,  and  replaced  by  the 
same  oil  from  the  cold  room  tank  having  a  temperature  of  679F  and  a  viscoslly 
of  about  4  poise.  After  the  usual  initial  surge  of  about  half  a  gallon,  flow 
stopped  completely  and  only  re-started  very  slowly  after  25  minutes.  The  line 
cleared  in  91?  minutes  and  the  flow  rate  shot  up  to  about  65  g.p.m.  as  thin  oil 
came  right  through  the  line. 

This  run  illustrates  the  passage  of  the  suction  wave  down  the  line  as 
suction  was  applied  at  a  constant  value  of  about  330  dynes/cm2  overall.  The 
three  sections  nearest  the  pump  came  under  their  maximum  shear  stress  of  550  to 
600  dyne4/om2  In  the  first  minute,  then  the  shear  sti^ss  in  these  sections 
decreased  as  the  other  two  sections  came  under  reduced  pressure.  Section  2  to  3 


reached  a  maxlfflum  ahear  streaa  of  4^0  dynes/om^  In  5  minutes;  section  1-2,  the 
farthest  from  the  pump,  took  seven  minutes  to  reach  its  maximum  shear  stress  of 
430  dynes/om^.  At  this  stage,  the  hlg^st  shear  stresses  were  in  the  sections 
of  the  pipe  farthest  from  the  pump.  They  then  tended  slcerly  to  equalise  until 
flow  commenced  a t  a  rate  of  about  0.02  g.p.m.  after  23  minutes.  The  remainder 
of  the  run  followed  the  pattern  already  noted  in  Run  49.  As  the  overall 
pressure  drop  was  held  constant  as  far  as  possible  until  the  line  cleared,  thez^ 
was  an  even  larger  concentration  of  stress  on  the  length  of  cold  gelled  oil  as 
it  neared  the  end  of  the  observed  sections  and  a  maximum  of  800  cbmec/om^  was 
reached  in  section  3~8>  This  section  also  showed  some  fluctuations  between  30 
and  45  minutes,  when  tlis  total  volume  of  oil  which  had  passed  the  flow  meter 
was  between  0.9  and  1.8  gallons;  this  suggests  that  the  gel  structure  broke 
down  in  this  section  before  it  did  in  the  others. 

Rig.  10  refers  to  Run  68,  in  irtiioh  R.21  oil  was  cleared  from  the  line  at 
38.3^,  after  Ihree  days  storage,  and  was  followed  by  the  same  oil  at  about  309R. 
The  viscosity  of  this  oil,  after  it  had  passed  through  the  pump  to  the  cold  room 
tank  and  been  stored  in  the  cold  room  for  some  four  hours,  until  the  line  was 
cleared  of  cold  oil,  is  not  known.  But  it  was  probably  of  the  order  of  40  poise^ 
varying  markedly  according  to  the  conditions  of  shear.  Yield  value  measuremsats 
having  shown  that  the  yield  value  of  this  oil  would  be  over  300  dynes/om2  and 
viscosity  measurements,  under  constant  shear  stress,  having  confirmed  this  and 
Indicated  that  the  oil  would  oniy  move  with  difficulty,  even  at  300  otynes/cm^, 
maximum  auction  was  used  throughout  the  run.  The  flow  meter  passed  two  gallons 
in  the  first  four  minutes,  stopped  for  about  two  minutes,  then  re-started;  but 
it  only  passed  a  further  two  gallons  in  the  next  hour.  The  rate  of  flow 
reached  0.1  g.p.m.  after  90  minutes  and  steadily  increased  thereafter  until  the 
line  was  cleared  in  240  minutes. 

The  overall  shear  stress  was  fairly  constant  for  the  first  three  hours  at 
about  450  dynas/cm^,  after  which  it  decreased  slightly  for  about  half  an  hour 
then  more  rapidly  to  a  minimum  of  233  dyue^om^  after  a  total  of  four  hours. 
Unlike  the  two  line  clearing  runs  Just  discussed,  at  the  end  of  which  the  line 
was  full  of  oil  at  about  4  poise  viscosity,  reaching  the  pump  at  a  flow  rate 
approaching  the  maximun  which  it  could  handle  at  the  speed  at  which  it  was  set, 
the  line  on  this  occasion  still  contained  viscous  oil.  The  overall  shear 
stress  in  the  instrumented  sections  rose  to  4OO  dynaa/ow^  after  the  line  was 
cleared;  the  flow  rate  was  nearly  7  g.p.m.,  and  still  rising,  when  the  run 
was  ended  after  some  four  and  a  quarter  hours. 

The  progress  of  the  suction  wave  alone  the  line  at  the  beginning  of  the  run 
was  again  very  pronounced.  In  the  two  sections  nearest  the  pump.  Just  over 
1000  dynee/cm^  was  reached  in  two  minutes.  The  other  three  sections  lagged 
behind  and  reached  maximum  shear  stress  in  10  to  13  minutes.  The  pattern, 
thereafter,  was  as  in  the  other  runs,  except  for  periods  of  low  shear  stress  in 
sections  4-5  and  3-6«  It  is  considered  most  likely  that  the  hi^  shear  stress 
nearest  the  pump,  in  the  first  two  minutes,  caused  some  movement  in  these  two 
sections  and  that  the  depression  in  the  shear  stress  graph  for  section  4-5, 
during  the  next  half  hour,  is  a  result  of  this.  A  similar  depression  of  shear 
stress  in  section  3-^,  between  90  and  120  minutes,  and  a  minor  dip  in  section 
4-5,  immediately  before,  may  be  the  result  of  rupture  of  the  gel  in  section  3-6 
as  genuine  flow,  steady  although  very  slow,  commenced  at  about  90  minutes. 

These  observations  are  based  on  flow  rate  and  pressure  drop.  Penetration 
of  warm  oil  down  the  pipe  was  also  followed  by  noting  temperatvire  changes.  The 
three  sets  of  thermocouples  placed  across  the  pipe,  near  point  1,  between 
points  3  and  4  and  near  point  6,  gave  useful  verification  of  the  progress  of 
the  warm  oil.  By  placing  two  of  the  thermocouples  in  each  set  at  opposite 
positions  near  the  pipe  wall,  and  one  in  the  centre,  it  was  hoped  to  detect 
whether  the  cold  oil  passed  as  a  plug,  l.e.  all  three  thermocouples  reacted 
simultaneously,  or  whether  the  warm  front  penetrated  faster  at  the  centre. 

The  restHts  for  Run  49  are  shown  in  Rig.  11.  This  and  also  the  data  from 
Runs  47,  48  and  30,  suggested  that  the  warm  oil  travelled  faster  at  the  side  of 
the  pipe  next  to  the  central  tank  of  warm  oil,  than  at  the  side  away  from  the 
tank*  Run  6l  and  67,  however,  indicated  the  exact  opposite.  Run  32  moreover, 
suggested  that  the  warm  oil  travelled  faster  down  the  centre  of  the  pipe  than 
on  either  side.  In  Run  32  this  nay  well  have  been  true,  as  both  the  flow  rate 
and  the  pressure  distribution  indicated  that  the  warm  front  should  have  reached 
the  first  thermocouples  considerably  earlier.  It  is  believed  that,  in  this 


-  13  - 


Instance,  the  flosr  rate  for  the  first  four  hours  was  so  slow  that  the  warm  oil 
was  cooling  in  the  pipe  and  in  the  bottom  of  the  tank  near  the  entrance  to  the 
pipe. 


It  had  been  hoped  that  clear  evidence  would  be  obtained,  either  of  plug 
flow,  or  of  Newtonian  leiminar  flow,  with  the  oil  travelling  much  faster  down 
the  centime  of  the  pipe  than  at  the  sides.  The  results  are  inconclusive.  It 
it  considered  most  probable  that  the  cold  oil  moves  ae  a  plug,  i.e.  is  extruded 
rather  than  flows,  at  least  until  it  has  gathered  speed;  but  that  it  breaks 
away  from  the  wall,  at  start  up,  less  sharply  than  is  envisaged  by  the  usual 
models  of  plug  flow  and  that  some  uneven  penetration  by  the  following  warmer 
oil  can  result. 

In  one  of  the  later  large  scale  pumping  trials,  a  prototype  velocity 
indioator(21 ){22)(23)  was  inserted  in  the  pipe  to  determine  ttie  velocity 
distribution  across  the  pipe.  This  instrument  was  not  used  in  the  work 
described  here,  since  it  would  take  up  too  large  a  part  of  the  cross-section  of 
a  four  inch  pipe,  and  thus  disturb  the  flcsr.  There  is,  therefore,  no  evidence 
available  to  indicate  the  flow  pattern,  in  those  runs  in  which  the  cold  room 
tank  was  full  of  cold  oil. 

There  remains  the  problem  of  whether  appreciable  loss  of  structure,  and 
hence  of  viscosity,  occurs  in  the  pipe  once  steady  flow  conditions  have  been 
established.  The  average  shear  strOss  in  each  section  of  the  pipe,  during  the 
periods  in  each  run  when  steady  or  near  stea^  flow  conditions  had  been 
established,  are  set  out  in  Table  9.  la  addition,  overall  shear  stresses 
between  points  4  and  6,  i.e.  the  last  51  feet  of  observed  line,  are  given, 

since  the  last  section,  5-6,  was  shorter  than  any  other.  In  the  field  trials 

it  was  concluded  that  the  bulk  of  the  shearing  appeared  to  take  place  in  the 
swing  arms,  the  tank  valve  and  the  first  section  of  pipe  line,  since  little 
evidence  of  breakdown  of  stiruoture  as  the  oils  passed  down  the  rest  of  the  line 
could  be  detected.  It  was  hoped  that,  using  shear  stresses  of  around 
300  dyne^om2,  with  gelled  or  near  gelled  oils  at  36 ®P,  evidence  of  breakdown 
might  have  been  detected  in  this  rig.  The  pressure  drop  per  unit  length,  euid 

hence  shear  stress,  was  normally  greater  in  the  first  section  of  the  pipe  than 

in  the  last  two  sections,  4  to  6.  But  more  definite  conclusions  cannot  be 
drawn.  There  was  a  tendency  for  abnormaliy  high  shear  stresses  to  be  measxsed 
in  section  4”5«  The  reason  for  this  was  not  clear,  but  nay  have  been  caused 
by  errors  in  pressure  measurements.  The  normal  error  of  t  0.2  p.s.i.,  is 
equivalent  to  an  average  error  of  t  50  dyney'om^  in  measuring  shear  stress  in 
any  one  section  of  the  line,  and  ±10  dynes/om2  over  the  whole  line.  This 
may  sometimes  have  been  exceeded. 

8.  Start  UP  of  Pipe  Line  and  the  Constant  Shear  Stress  Viscometer 

In  the  field  trials  at  Lyness,  a  pipeline  was  allowed  to  gel,  then  pumped 
under  the  maximum  pressure  drop  available.  In  spite  of  the  difficulties  in 
arriving  at  the  true  flow  rate,  caused  by  air  in  the  line  between  the  test 
sections  and  the  flow  meters,  it  was  concluded  that  there  was  reasonably  good 
agreement  between  laboratory  and  pipe  viscosities,  from  start  up  until  the  line 
had  been  cleared.  For  the  present  purpose,  it  is  simpler  to  think  in  terms  of 
rates  of  shear  in  the  constant  shear  stress  viscometer,  and  presumed  rates  of 
shear  in  the  pipe.  The  rates  of  shear  obtsdned  using  a  range  of  shear  stresses 
are  plotted  aginst  time  of  shearing  in  Fig.  12  for  Bun  51  (F,36,  after  16  days 
cooling  to  36®P). 

If  the  rate  of  flow  in  a  pipe  at  start  up,  does  follow,  even  approximately, 
the  pattern  of  these  rates  of  shear/ time  of  shearing  curves,  it  may  reasonably 
be  expected  that  a  shear  stress  which  is  insufficient  to  cause  appreciable  flow 
in  a  pipe  in  30  minutes,  the  practical  limit  mentioned  in  an  earlier  paragraph, 
might  give  a  small  fleer  rate  after  several  hours,  (c.f.  the  curves  for 
400  dynos/cm2  and  290  dynes/cm2  in  Fig,  12).  The  rate  of  flow  curves  in 
Fig.  4  do,  in  fact,  approximate  to  the  shape  of  these  graphs,  until  about  lialf 
the  capacity  of  the  line  has  been  pumped.  After  that,  the  flow  speeds  up 
rapidly  in  the  line  clearing  experiments,  as  the  warm  oil  comes  through,  or 
becomes  steady  as  fresh  cold  oil  from  the  cold  room  tank  fills  the  pipe. 

In  Figs.  12  to  14,  the  rates  of  shear,  presumed  to  correspond  to  the  flow 
rates  in  the  pipe,  are  plotted  against  time  of  shearing  for  Suns  51*  57  and  62, 
together  with  constant  shear  stress  viscometer  data,  at  those  shear  stresses 

-  16  - 


nearest  to  the  shear  stress  at  the  pipe  wall.  In  two  of  these,  the  vlsoometer 
and  pipe  give  rates  of  shear,  at  nearly  identical  shear  stresses,  which  are  in 
gocd  agreement  until  the  line  capacity  has  been  pumped  (Runs  57  and  62).  In 
the  other  (Run  51),  the  line  pumped,  at  290  at  a  rate  comparable  with 

labcratoxy  measurements  at  about  325  dynes/om^.  In  Run  54,  the  oil  was  too 
hastily  regarded  as  "unpumpable"  at  315  dynes/om^,  after  little  oil  had  flowed 
in  145  minutes,  and  a  shear  stress  ^415  dynaa/on^  was  applied.  Examination 
of  the  data  more  critically,  later  showed  that  some  tan  gallons  had  in  fact 
been  pumped  in  the  first  145  minutes  and  that,  Just  before  the  shear  stress  was 
increased,  the  rate  of  flow  had  reached  0.3  g.p.m.  and  the  rate  of  shear 
0.2  seo~1.  It  is  apparent  that  the  pumping  team  took  an  imduly  pessimistic 
view  of  the  prospects  and  rapid  flow  would  not  have  been  long  delayed  at  the 
first  shear  stress. 

The  comparison  between  pipe  and  viscometer,  in  the  znins  in  which  pipe  and 
cold  room  tank  were  at  the  same  temperature,  is  summarised  in  Tahla  10.  Except 
for  Run  64,  in  which  the  constant  shear  stress  data  is  not  consistent  and  an 
appreciable  error  may  have  resulted,  the  pipe  and  the  constant  shear  stress 
viscometer  are  in  good  agreement. 

The  line  clearing  e3g>ariments  were  not  normally  accompanied  by  laboratoiy 
viscosity  measurements.  Data  is  only  available  for  six  xnins,  one  of  which 
(48)  is  unreliable,  owing  to  the  presence  of  a  marked  air  leak  at  point  6,  with 
consequent  risk  of  an  air  lock  in  the  pipe.  With  the  Bahrein  oil  at  38^ 

(Run  59)  and  32.5^  (Bun  60),  both  described  in  Rig.  I5,  the  overall  shear 
stress  was  320  and  330  dynes/om^  respectively,  as  against  the  300  dynes/om^ 
aimed  at.  Measurable  flow,  therefore,  commenced  earlier  than  would  have  been 
predicted  by  experiments  with  viscometers  at  300  dyii^s/cm^.  Thereafter,  the 
apparent  rate  of  shear  in  the  pipe,  increased  more  rapidly  than  rate  of  shear 
in  the  viscometer.  Calculation  of  the  shear  stress  exerted  on  the  length  of 
cold  oil  in  the  pipe,  showed  that  it  was  rising  as  soon  as  any  significant  flow 
occurred  and,  when  the  flow  rate  rose  rapidly,  was  double  the  average  value 
over  the  whole  pipe.  Similar  conclusions  were  obtained  from  Run  65  (Kent  oil 
at  32.5^)  and  Runs  67  and  68  (?.21  at  36.5'^)>  the.  last  being  shown  in  ?lg.l6. 

In  the  next  section,  the  concept  of  yield  value  will  be  discussed  in 
relation  to  two  items  of  equipment  specifically  intended  for  its  measurement. 

It  is  apparent,  however,  that  if  the  constant  shear  stress  viscometer  gives  a 
reasonable  simulation  of  the  change  of  rate  of  shear  with  time,  at  the  start  up 
of  a  pipeline,  it  should  also  be  capable  of  giving  the  yield  value.  Therefore, 
the  procedure  required,  when  a  set  of  viscometers  is  available  could  sluqply  be 
to  conduct  a  series  of  viscosi'^  measurements  at  progressively  lower  shear 
stresses;  as  the  yield  value  is  approached,  there  will  be  progressively  longer 
and  longer  response  times  before  the  viscometer  starts  to  rotate  and,  just 
below  the  yield  value,  the  viscometer  will  fail  to  stax^. 

The  practical  difficulties  attached  to  this  are,  firstly,  that  just  above 
the  yield  value  the  response  time  may  be  very  long,  i.e.  ho\irs  rather  than 
minutes,  and  obtaining  a  true  yield  value  could  therefore  be  extremely  tedious 
cuid,  secondly,  viscosily  measurements,  at  shear  stresses  not  much  greater  than 
the  yield  value,  are  liable  to  vary  considerably  owing  to  inherent  experimental 
error.  Such  errors  are  understandable  when  it  is  realised  that,  at  start  up, 
a  large  proportion  of  the  applied  shear  stress  may  be  absorbed  in  overcoming 
the  yield  value  of  the  oil  and  only  a  c ouparatively  small  proportion  available 
to  produce  movement  of  the  viscometer.  A  further  difficulty  in  these 
experiments  was  that  a  very  full  programme  had  to  be  completed  at  the  time  of 
each  run  in  a  limited  time;  it  was  therefore  not  practicable  for  more  than 
one  man  to  be  in  the  cold  room  for  any  length  of  tine,  as  this  was  sufficient 
to  affect  the  temperature  of  the  room.  These  attempts  to  find  yield  value, 
using  the  constant  shear  stress  viscometer,  had  therefore  to  be  fitted  into 
the  work  scheduled.&r  each  day,  rather  than  pursued  as  a  major  item  in  the 
programme. 

The  results  are  set  out  in  Table  11,  in  tezw  of  the  applied  shear  stress 
and  time  in  minutes,  both  for  initial  movement,  i.e.  response  time,  and  for 
the  rate  of  shear  to  reach  0.1,  0.2,  0.5  and  1.0  sec~1.  It  was  considered, 
at  first,  that  60  minutes  would  be  a  reasonable  period  to  allow  for  movement 
to  take  place.  If  none  occurred  in  this  time,  the  stress  wculd  be  increased. 
Later,  some  viscometers  were  loaded  and  left  much  longer  than  this; 
overnight,  on  three  oocuions. 
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The  yield  value  of  P,36  at  36 after  nine  days  storage  for  Run  2(.7» 
appeared  to  be  between  300  and  350,  probably  about  325  dynes/om2.  The  yield 
value  of  ?.36  at  369F,  after  21  days  storage  for  Run  ,  was  therefore 
determined  by  increasing  the  shear  stress  applied  to  the  viscometer  by  very 
small  amounts.  This  indicated  a  yield  value  certainly  greater  than  260; 
probably,  about  290  dyaea/oa^* 


The  Bahrein  oil,  after  24  days  storage  for  Run  56.  was  tried  at  36*^  and 
the  viscometer  moved  very  slowly,  both  at  150  dynes/om^  and  when  the  stress  was 
increased  to  200  dyne:^am^.  The  yield  value  was  considered  to  be  not  much 
less  than  I50  dynes/om2,  tfore  positive  evidence  was  obtained  at  after 
49  days  storage  (Hun  57).  The  viscometer  did  not  move  overnight  at  150 
dynes/cm2,  but  the  stress  so  strained  the  gel  structure,  during  this  period, 
that  the  viscometer  turned  soon  after  the  stress  was  increased,  to  200  dynes/co^ 
at  a  rate  which  was  at  first  greater  than  that  obtained  in  a  separate  test  at 
250  dynes/om^.  The  yield  value  was  considered  to  be  about  175  d3^es/cm2,  due 
to  the  longer  storage  period. 


The  next  run  which  merits  individual  mention  is  Run  63,  in  which  the 
residues  from  Cell  5  Rosyth  were  tested  at  36^^  after  21  days  storage.  The 
viscometer  indicated  a  yield  value  of  about  150  dynes/cm^,  but,  under  250,  300 
(twice)  and  350  dynes/cm^,  the  e^erimental  error  was  sufficient  to  mask  the 
expected  Increase  in  rate  of  shear  as  shear  stress  increased.  However,  this 
oil  was  much  less  homogeneous  than  normal;  it  was  the  sludge  from  a  large 
stock  in  which  some  segregation  is  believed  to  have  occurred.  This  may  have 
caused  differences  in  the  samples  of  oil  loaded  into  the  viscometer;  in 
particular,  different  amounts  of  asphaltic  and  waxy  ..solid  particles. 


The  Kent  oil,  at  32.59P  after  21  days  storage,  yielded  in  the  viscometer 
when  left  overnight  under  200  dynes/ca2,  but.  the  viscometer  was  only  turning 
very  slowly  the  next  morning.  The  yield  value  of  the  oil  was  therefore 
considered  to  be  about  200  dynes/om^. 

In  Hun  67,  P,21  oil  was  pumped  at  36 9P  under  line  clearing  conditions 
after  seven  days  storage.  On  this  occasion,  the  viscometers  were  loaded  and 
Inspected  at  infrequent  intervals  while  other  work  was  in  hand.  Although  one 
viscometer  moved  in  a  few  minutes  at  5OO  dynes/om2  after  some  hours  at  3OO  and 
400  dynea/om2  on  the  day  before  pumping,  the  yield  value  was  probably  about 
500  dyne3/cm2,  the  comparatively  hi^  rate  of  movement  being  due  to  the 
stress/straln  effect  mentioned  earlier  (Run  57), 

In  Run  68,  a  line  of  F.21  at  36.5*^  was  cleared  after  only  three  days 
storage.  One  viscometer  loaded  to  300  dynos/om2  did  yield  during  the  night, 
before  pumping,  but  the  rate  of  movement  was  very  small  the  next  morning. 

A  viscometer  set  at  500  dynes/cm^,  the  stress  expected  to  apply  to  the  pipe, 
only  moved  veiy  slowly  after  a  response  time  of  about  100  minutes  on  the  day 
of  the  tnin.  The  yield  value  was  pzx>bsbly  between  300  and  500  dynes/oa2  on 
the  day  of  the  run,  as  the  condition  of  the  oil  would  still  be  changing  (i.e. 
the  yield  value  still  increasing)  after  only  three  days  storage. 


9.  Start-up  and  Yield  Value 


The  two  instruments  specifically  intended  for  the  measurement  of  yield 
value,  were  the  narrow  bore  yield  value  tubes,  originally  described  by  &ill 
and  Russell,  and  the  C.R.C.  tubes  as  modified  at  the  U.S.  Haval  Boiler  and 
Turbine  Laboratory.  The  former  have  been  used  by  A.R.L.A.C.  Panel  F,  with 
a  preliminary  heat  treatment  of  the  fuel,  as  a  means  of  predicting  yield  value 
of  a  fuel  in  storage.  The  latter,  with  a  different  heat  treatment,  have  been 
used  by  the  U.S.  Naval  Boiler  end  Turbine  Laboratory,  both  to  predict  yield 
value  and  to  give  viscosity  data  from  which  flow  curves  are  constructed. 

Both  were  installed  at  the  pumping  rig  and  fuel  stored  in  them  in  the  cold 
room  alongside  the  pipe  without  any  preliminaiy  heat  treatment  procedure* 

A  dozen  yield  value  tubes  could  readily  be  accommodated,  but,  owing  to  their 
size,  only  four  C.R.C.  tubes  were  normally  used. 

The  yield  value  tubes  were  used  in  the  manner  favoured  by  A.F.L.A.C. 

Panel  P,  in  which  the  stress  is  increased  by  0.5"Hg  (i.e.  28  dynes/cm2)  at 
five  minute  intervals,  starting  from  0.5"  Hg,  until  movement  of  the  oil  is 
observed.  The  stress  at  which  this  takes  place  is  known  as  the  yield  value. 
As  already  demonstrated  in  the  previous  section,  a  fuel  may  move  after  being 
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under  constant  stress  for  considerably  longer  than  five  minutes.  Some  tubes 
were  therefore  subjected  to  constant  stress  for  up  to  30  minutes.  If  no 
movement  occurred,  the  stress  was  increased  and  the  tubes  left  if  need  be  for 
another  30  minutes.  A  jrield  value  could  be  deduced  from  these  results.  This 
would  be  lower  than  that  obtained  by  five  minute  stress  increments  and  probably 
not  far  from  the  true  yield  vetlue.  Where  no  tubes  had  failed  to  yield  after 
30  minutes,  it  was  still  possible  to  predict  a  yield  value  by  plotting  the 
reciprocal  of  the  times  before  movement  occurred  at  various  stresses,  against 
shear  stress.  The  graph  so  obtained  will  intercept  the  shear  stress  axis  at, 
or  about,  the  true  yield  value.  The  results  obtained  are  set  out  in  Table  12. 
All  yield  value  figures  have  been  rounded  off  to  the  nearest  ten  units. 

The  C.R.C.  tubes  were  also  subjected  to  Increments  of  stress  every  five 
minutes  and  the  stress  at  which  movement  was  first  observed  could  also  be  taken 
as  the  yield  value.  In  practice,  the  U.S.  Naval  Boiler  and  Turbine  Laboratory 
procedure  of  fitting  an  observation  pipe  filled  with  methylated  spirit  to  the 
end  of  the  copper  C.R.C.  tube  and  observing,  not  only  Initial  movement,  but  also 
the  rate  at  which  the  length  of  oil  moves,  was  followed.  The  time  for  movement 
from  the  sixth  to  the  twelfth  cm  mark  on  the  observation  tube  was  used  to 
calculate  a  rata  of  shear  and  viscosity.  This  was  done  with  a  number  of  tubes, 
at  different  shear  stresses,  and  the  yield  value  (i.e.  the  stress  for  zero  rate 
of  shear)  obtained  hy  plotting  rheograms  of  rate  of  shear  against  shear  stress. 

Limited  results  for  a  number  of  runs  are  given  in  Table  13*  Although  the 
results  are  few,  and  repeatability  not  good  when  expressed  in  terms  of  rate  of 
shear  or  viscosity,  it  was  possible  to  estimate  yield  values  for  most  runs. 

Run  34-  was  particularly  troublesome,  as  one  of  the  fo^r  determinations  must  be 
in  error;  but  it  is  not  possible  to  decide  which  one  is  out  of  line.  It  was 
also  found  that,  as  with  the  constant  shear  stress  viscometer  measurements 
already  remarked  upon,  there  was  trouble  with  the  residue  from  Cell  5  Rosyth  in 
Run  63  at  36^. 


The  yield  values  given  by  the  various  methods  are  set  out  in  Table  I4, 
together  with  start-tqi  data  from  the  pumping  runs,  e:q>ressed  in  terms  of  time 
for  initial  continuous  movement  and  for  the  flow  rate  to  reach  0,1  and  0.5  g.p.m. 
thereafter.  Owing  to  the  invariable  passage  of  a  small  amount  of  oil  past  the 
flow  meter,  immediately  after  suction  is  applied,  there  is  always  an  apparent 
movement  at  once.  After  this  initial  flow,  little  or  no  flow  may  take  place 
for  some  tine,  until  the  line  yields  and  continuous  flow  commences.  It  was  not 
always  possible  to  obtain  reliable  results  at  0.1  g.p.m.  or  less.  Buns  47  and 
U8  were  troubled  by  an  air  leak;  Bun  63,  with  the  residues  from  Cell  5  Bosyth, 
behaved  as  if  there  was  an  obstruction  in  the  pipe,  such  as  sludge  or  grit 
deposited  from  the  oil,  which  suddenly  gave  way  at  55  minutes.  Runs  67  and  68 
with  P.21  did  not  suffer  from  this  trouble,  but  the  rate  of  flow  built  up  so 
slowly,  over  a  long  period,  that  it  was  almost  impossible  to  decide  when  the 
line  yielded.  The  flow  data  and  stress  data  for  Run  68  (Pig.  10)  strongly 
suggest  that  the  shear  stress  built  up  in  the  sections  of  the  pipe  nearest  the 
pump,  to  such  an  extent  that  some  movement  occurred,  in  these  sections,  a 
considerable  tine  before  general  movement  started  and  this  may  have  been 
responsible  for  the  veiy  slow  trickle  of  oil  in  the  first  90  minutes.  The 
yielding  of  a  line  in  sections  ow.ing  to  local  high  stresses,  however,  oaxised, 
has  been  caJ-led  "autogenous  gel  destruction"  by  G-ill  and  Russell.  v^7} 


It  will  be  seen  that  none  of  the  methods  gives  an  infallible  guide  to  the 
start-up  of  a  gelled  pipeline.  However,  it  should  be  remembered  that  other 
experience  has  shown  that  yield  value  results  may  easily  suffer  from  variations 
of  the  order  of  50  dy^es/cm^  and  a  high  degree  of  accuracy  should  not  be 
expected.  The  behaviour  of  a  pipe  line,  on  start-up,  depends  not  only  on  the 
true  yield  value,  but  also  on  the  rate  at  which  the  gelled  structure  breaks  dcsm 
once  movement  commences.  The  true  yield  value  of  an  oil  in  a  ship*  s  pipeline 
may  therefore  be  of  no  great  practical  importance.  Vlscoslly  data,  at  around 
the  shear  stresses  expected  to  be  available  in  the  pipe,  is  likely  to  be  of  more 
practical  algnlfi'ct|ice  than  measurements  of  the  minimum  stress  at  which  the 
gelled  oil  in  the  pipe  can  be  made  to  yield  after  an  impraotically  long  period 
of  pumping. 


It  appears  that  the  yield  value,  as  given  by  either  the  narrow  bore  yield 
value  tubes  or  by  the  C.R.C.  tubes,  when  applied  shear  stress  is  increased 
evezy  five  minutes  may  be  of  some  use.  When  the  figures,  so  obtained,  were 
close  to  the  shear  stress  applied  to  the  pipeline,  the  pipeline  could  be 
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expected  to  take  half  an  hour  or  more  to  reach  an  appreciahle  flow  rate.  In 
some  instances,  e.g.  Bun  63  or  70,  it  took  an  appreciable  time  for  flow  to  build 
up  to  a  satisfactory  level,  even  although  the  applied  shear  stress  was  well  above 
the.yii^ld  st):'ssr.  as  determined  by  any  method.  The  viscosity  data  summarised  in 
Table  11  indicated  that,  in  these  runs,  although  the  line  should  yield,  it  would 
take  time  for  movement  to  reach  a  satisfactory  level  at  the  shear  stresses  it 
was  proposed  to  use. 

The  C.B.C.  tube  is  claimed  to  be  superior  to  the  narrow  bore  yield  value 
tubes,  as  its  width  is  sufficient  to  reduce,  greatly,  the  risk  of  "bridging'' 
across  the  tube  by  air  bubbles  or  voids.  On  the  other  hand,  the  narrow  bore 
tubes  are  much  smaller  and  a  number  can  easily  be  assembled  and  used  in  a 
limited  space.  In  practice,  the  operators  found  no  undue  difficully  in  using 
either  lype.  The  risk  of  a  bad  result,  with  the  narrow  bore  tubes,  is 
considerably  reduced  if  half  a  dozen  are  filled,  on  each  occasion,  and  at  least 
three  used  in  the  tests. 

The  flow  curves  obtained  from  the  C.B.C.  viscosity  data  are  graphs  of  rate 
of  shear  against  viscoslly  on  logarithmic  paper.  Now:- 

rate  of  shear  x  viscoslly  =  shear  stress 


hence 


log  (rate  of  shear)  *  log  (viscoslly)  =  log  (shear  stress) 

In  a  pipeline  under  constant  shear  stress,  the  rate  of  shear  is  initially  zero, 
then  builds  up  to  a  steady  value  at  constant  flow  rate.  The  resulting  graph 
of  rate  of  shear  against  visoosl'^,  on  log-log  paper,  must  therefore  be  a 
straight  line,  at  to  each  axis,  as  in  Fig.  17.  Plots  of  rate  of  shear 
against  viscoslly,  obtained  from  C.B.C.  tubes  at  different  shear  stresses,  give 
lines  crossing  the  pipeline  graphs  at  low  shear  stresses,  since  C.B.C.  viscosi¬ 
ties  are  measured  when  the  oil  has  only  flowed  for  a  distance  equal  to  between 
six  and  twelve  diameters  of  the  C.B.C.  tube.  At  this  stage,  accurate  pipe 
viscosities  cannot  be  expected.  Nevertheless,  when  the  data  is  available,  pipe 
viscosities  have  been  calculated  and  compared  with  C.B.C.  viscosities,  after  the 
oil  in  the  pipe  had  moved  the  same  number  of  pipe  diameters.  The  results,  in 
Table  13,  indicate  that  C.B.C.  viscosities  ai^,  in  fact,  comparable  with  pipe 
viscosities,  soon  after  movement  commences.  It  is, however,  considered  that 
the  exercise  is  of  little  practical  value.  Visoositles  in  constant  shear 
stress  viscometers  are  more  useful,  in  that  they  show  whether  or  not  pipe 
viscosities  will  be  readily  reduced  at  the  available  shear  stress. 

10.  Steady  Flow  Conditions  and  the  Constant  Bate  of  Shear  Viscometer 

Once  steady  flow  is  established  in  a  pipeline,  the  oil  is  being  continuoualy 
sheared  in  its  passage  down  the  pipe  and  its  viscosity  must  be  continuously 
reduced,  until  it  tends  towards  a  constant  value.  In  the  early  large  scale 
field  pumping  trials,  it  was  found  that  reduction  in  pipe  viscosity  as  the  oil 
passed  along  the  pipe  was  difficult  to  detect.  This  was  attributed,  partly  to 
the  limitations  imposed  by  ejqperimental  error,  in  measuring  press\u:*e  drops  and 
pipe  viscosities,  and  partly  to  heavy  initial  shearing  in  the  swing  arms,  valves 
and  tank  leg,  as  the  oil  left  the  tank  and  entered  the  main  pipeline.  It  had 
been  observed  that,  after  an  hour  or  more  shearing  in  a  constant  rate  of  shear 
viscometer,  the  viscosity  of  the  oil  reached  a  stage  at  which  it  was  only  slowly 
reduced  ly  further  shearing.  This  stage  was  never  closely  defined,  but  the 
viscoslly  at  this  level  was  loosely  known  as  the  equilibrium  viscoslly.  Pipe 
visoositles  were  found  to  be  approximately  the  same  as  these  equilibrium 
viscosities. 

We  have  shown  in  an  earlier  section  and  in  Table  9  that,  tmder  steady  flow 
conditions,  the  shear  stress  in  the  first  section  of  the  pipe  is,  on  the  whole, 
significantly  greater  than  in  the  last  sections.  There  is,  therefore,  evidence 
of  reduction  in  pipe  viscosity  as  the  oil  passes  along  the  pipe.  This  pipe  is, 
however,  much  shorter  than  any  large  scale  pipeline  and  the  residence  time  of 
the  oil  in  the  pipe  is,  normally  only  a  matter  of  minutes.  It  was,  therefore, 
not  surprising  to  find  that  pipe  viscosities  were  greater  than  equilibrium 
viscosities,  calculated  from  visoometrlo  data  by  the  same  methods  as  were  used 
in  the  large  scale  trials.  The  results  obtained,  using  the  Ferranti  viscometers. 
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were  therefore  used  to  obtain  laboratory  visoositles  at  the  rates  of  shear, 
oaloulated  for  each  pumping  run,  after  times  of  shearing  equal  to  the  mean 
residence  time  of  the  oil  in  the  pipe  under  steacly  flow  conditions;  and  also 
equal  to  half  the  mean  residence  time.  Since  Billington(l3)(24}  observed  that 
viscosity  at  a  given  time  is  inversely  proportional  to  the  rate  of  shear, 
visoositles  could  readily  be  obtained  for  rates  of  shear  other  than  those  for 
which  direct  measurements  were  available. 

The  results,  set  out  in  Table  16,  demonstrate  that  laboratoiy  viscosities 
at  half  mean  residence  time  are  in  agreement,  within  experimental  error,  with 
pipe  viscosities.  This  has  also  been  expressed  graphically  in  Fig.  18,  where 
it  is  demonstrated  that,  in  some  runs,  the  agreement  is  such  that  graphs  of 
viscosity,  against  time  of  shearing  in  the  viscometer,  can  be  directly  super¬ 
imposed  upon  graphs  of  pipe  visoosily,  against  distance  the  oil  travels  along 
the  pipe. 

This  obseirvation  offered  a  means  of  predicting,  flow  rates  where  only 
viscosity  data  is  available.  There  are,  however,  certain  complications,  which 
arise  from  the  now  well-known  fact  that  the  fuel  in  the  centre  of  a  tank  cools 
much  slower  than  fuel  near  the  top,  bottom  and  sides  of  a  tank;  or  than  fuel 
in  a  pipe.  If  the  fuel  is  only  given  a  limited  amoxint  of  time  to  cool,  even 
although  the  tank  may  reach  the  sane  temperature  throughout,  the  fuel  in  the 
centre  is  likely  to  be  less  viscous  than  fuel  near  the  outside  of  the  pipe; 
or  fuel  in  beakers,  of  the  sane  diameter  as  the  pipe.  This  is  demonstrated  by 
the  pipe  and  laboratory  viscosily  data  in  Table  16.  The  nature  of  the  cooling 
cycle  can  also  effect  the  result,  especially  if,  owing  to  deliberate  intent  or 
to  a  fault  in  the  control  system,  the  temperature  fluctuates  during  cooling. 

Calculation  of  probable  flow  rates  using  the  criterion  of  viscosily  at 
half  mean  residence  time,  when  only  the  available  pressure  drop  and  mesui  shesur 
stress  for  the  pipe  are  known,  is  at  first  sight  a  complex  operation.  It  is 
necessary  to  find  the  flow  rate  which  gives  the  rate  of  shear  and  mean 
residence  time  for  which:- 

Viscosity  x  rate  of  shear  =  available  shear  stress 

This,  however,  need  not  involve  a  series  of  trial  and  error  oaloxilations 
until  the  correct  answer  is  obtained.  There  is  only  one  relevant  viscosity 
for  each  rate  of  shear,  since,  if  the  pipe  dimensions  are  known,  the  mean 
residence  times  for  each  rate  of  shear  are  also  known.  The  first  step  is 
therefore  to  tabulate,  as  in  Table  17,  the  appropriate  viscosities  for  each 
viscosily  measurenent,  together  with  rate  of  shear  and  shear  stress.  This  was 
done  for  all  runs.  Including  that  with  the  Curacao  oil,  for  which  Ferranti 
(constant  rate  of  shear)  measurements  were  available.  Shear  stress  was  then 
plotted  against  rate  of  shear  as  in  Figs.  19  and  20;  the  rates  of  shear,  at 
the  shear  stresses  actually  used  in  each  pumping  run,  and  at  3^^  and  400 
4/nes/om^,  were  then  obtained  from  the  graphs  and  flow  rates  were  oaloulated 
from  these  rates  of  shear  (Table  16). 

Agreement  between  calculated  and  actual  flow  rates  was  good.  However, 
certain  runs  warrant  special  mention.  Firstly,  Run  46  in  which  ein  increase  in 
shear  stress  of  only  10  ^ynes/cm2,  gives  an  increase  in  rate  of  shear  of 
0.7  sec~'l  ,  equivalent  to  almost  1  g.p.m.  The  viscosity  data  does  not  estab¬ 
lish  the  exact  position  of  the  graph,  especially  at  300  6iyaea/om2  and  upwards, 
where  the  rates  of  shear  in  this  iTun  were  greater  than  any  at  which  viscosily 
measurements  were  possible;  errors  are  possible  in  the  calculated  flow  rate 
of  about  1  g.p.m.  at  143  S^ea/oa^  and  2  to  3  g.p.m.  at  4OO  dynes/cm^.  In 
Run  53,  the  actual  flow  rate  was  6.0  g.p.m.  at  I90  dynes/om^,  against  a 
calculated  3.9  g.p.m*  Shortly  before  this  run,  however,  the  thermostat  failed 
and  temperatures  rose  to  66^.  The  tank  had  only  been  back  at  3^*^  for  a  day 
or  two  before  it  was  pumped  and  the  centre  of  the  tank  would  certainly  be  less 
viscous  than  the  outer  leyers.  l>uring  pumping,  moreover,  the  top  oil  steadily 
goes  down  to  the  bottom  of  the  tank  and  remains  there  as  the  residue  on  which 
the  viscosities  were  measured.  In  later  runs,  sample  containers  were  inserted 
in  the  tank  at  various  levels  before  each  run,  to  ensure  that  samples, 
representative  of  other  than  the  top  layers,  would  be  available  immediately 
after  the  runs. 

As  temperatures  decrease,  the  slope  of  the  shear  stress/rate  of  shear 
graphs  Increases  until,  at  32%,  a  change  of  10  (fynea/om^  in  shear  stress  miy 
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only  change  the  rate  of  shear  hy  0.1  seo~'^.  We  have,  however,  replaced  a 
possible  error  in  flow  rate  calculations  by  another;  the  pipe  and  the  beakers 
in  the  cold  room  are  now  likely  to  be  markedly  more  viscous  than  the  fuel  in 
the  centre  of  the  tank,  unless  the  system  is  allowed  several  weeks  in  which  to 
stabilise  at  the  test  temperature.  The  outer  parts  of  the  tank  may  be  in  a 
condition  nearer  that  of  the  oil  in  the  pipe  than  that  in  the  centre  of  the 
tank.  Under  these  conditions,  flcsr  rates  are  intermediate  between  those 
calc\ilated  from  beaker  end  from  tank  viscosity  data.  This  was  speoially 
noticeable  in  Runs  $6  and  62. 

11.  The  Sifoiifloance  of  Arctic  Rig  Trials 

Present  instructions  are  that  ships'  fuel  tanks  shall  be  heated  to  between 
60  and  70°P  when  sea  temperatures  fall  below  45*^.  The  situation  which  might 
arise,  in  the  event  of  a  ship  being  flooded  as  a  result  of  action  damage  in 
Arctic  waters,  would  be  the  results  of  the  effects  of  time  and  temperature. 

To  assist  in  the  Interpretation  of  the  rig  trials,  the  results  are  summarised 
in  broad  terms  in  Table  19  compiled  from  all  the  evidence  available. 

The  condition  of  a  fuel  is  primarily  dependent  on  its  temperature  and  its 
previous  thermal  hlstozy.  Puels  cooled  from  temperatures  between  60  and  70*^ 
to  some  lower  temperature  are  likely  to  become  more  viscous,  for  a  time,  and 
then  to  reach  a  fairly  constant  condition.  These  conditions  may  be  aggravated 
by  heating  and  cooling  cycles,  such  as  the  laboratory  heat  treatments  used  to 
produce  quickly  viscosities  such  as  normally  arise  only  after  prolonged  storage. 
Something  of  this  kind  appears  to  have  occurred  in  Run  33*  when  the  7.36  oil, 
after  a  preliminary  heating  to  909P  foUcsred  by  rapid  cooling  to  48°F  and  an 
inadvertent  reheat  to  66 followed  by  further  cooling  to  48 was  found  to 
be  mvich  less  viscous  at  4897  than  the  same  oil  in  Run  48  which  had  merely  been 
brought  slowly  down  to  48®F,  from  63®?,  and  maintained  at  48®F  until  pumped. 

Run  33  also  illustrates  another  effect  of  time  and  temperature,  in  that  the 
fuel  on  the  top  of  the  tank  gave  viscosities  which  corresponded  to  a  lower  flow 
rate  than  that  actually  achieved.  The  oil  in  the  centre  of  the  tank  was 
probably  less  viscous  than  that  on  the  top,  since  it  had  only  been  at  the  test 
temperature  for  about  two  -days,  whereas  the  oil  on  top  had  been  at  the  test 
temperature  for  about  six  days. 

This  differential  between  the  fuel  in  the  centre  of  a  tank  and  that  in  a 
smaller  container  such  as  a  pipe,  or  beakers  of  the  same  diameter  as  the  pipe, 
occurred  in  several  of  the  runs  at  Thus,  in  Run  56,  the  Bahrein  fuel 

in  the  tank  was,  in  general,  markedly  less  viscous  at  3898'  than  that  in  the 
beakers  on  the  cold  room  floor  after  three  weeks  storage;  in  Run  37,  after 
seven  weeks  storage,  the  fuel  in  the  tank  and  the  fuel  in  the  beakers  had 
practically  the  same  viscosities. 

It  has  been  laid  down,  that  in  the  event  of  serious  damage  and  flooding, 
an  attempt  to  re-llgbt  the  boilers  and  continue  steaming  will  be  made  on  the 
same  day  or,  at  worst,  on  the  next.  It  is  unlikely  that  it  would  be  as  long 
as  a  week  before  any  attempt  was  made  to  light  up.  It  is  most  unlikely  that 
the  fuel,  throughout  a  ship's  tank,  would  cool  to  3897  from  over  6097  in  two 
days.  It  is  therefore  probable  that  the  punning  rates  achieved  or  predicted 
by  xdg  trials,  after  three  weeks  at  38®7,  are  less  than  those  which  could  be 
expected  from  a  ship's  tank  within  a  week  of  flooding.  However,  the  condition 
of  the  oil  in  a  pipeline  in  a  flooded  compartment  would  be  worse  than  that  in 
a  tank,  as  it  would  almost  certainly  reach  sea  water  temperature  within  two 
days,  if  left  undisturbed.  The  results  of  line  clearing  runs  at  3297  are 
therefore  relevant. 

The  effect  on  shear  stress  of  pipe  length,  pips  diameter,  and  available 
pressure  drop  for  various  lengths  of  pipe  of  3?  inches  to  6  inches  diameter, 
are  shown  in  Table  20.  This  table  gives  rates  of  shear  and  corresponding 
rates  of  flow  for  pipes  of  these  diameters.  A  survey  of  typical  ship 
conditions  has  indicated  that  shear  stresses  of  less  than  300  dynea/on^  need 
not  be  considered  and  that  available  ahaar  stresses  sill  normally  be  greater, 
sometimes  much  greater,  than  this  figure.  The  minimum  flow  rate  required  to 
lij^t  a  boiler  is  roughly  equivalent  to  one  tenth  full  power  and  mcy,  for  the 
present  purpose,  be  regarded  as  about  2  g.p.m.  in  a  four  inch  diameter  pipe. 

The  7.21  fuel  is  the  only  one  of  the  six  which  was  unpumpable  at 
300  dynaa/owr  after  leas  than  a  week  at  38®7.  This  fuel  is  well  outside 
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the  punpabili-tgr  requireaents  of  aoy  B.N.  Specification  issued  since  1953*  The 
hehaviour  of  the  others  indicates  that  all  should  be  puapable  at  this  tempera¬ 
ture  and  shear  stress,  after  about  three  weeks  storage «  It  would,  however, 

normally  take  an  hour  or  more  to  clear  the  oil  in  the  line  and  achieve  steady 
pumping  rates.  From  then  the  rate  would  be  unlikely  to  exceed  5  g.p.m.  with 
these  fuels  and  might  be  as  low  as  1  g.p.m. 

As  shown  in  Table  1,  R.N.  Specifications  for  furnace  fuel  oil  used  between 
1953  *uid  1962,  all  relied  on  flow  point  (i.e.  a  pour  point  determined  after  a 
special  heat  treatment  cycle)  and  a  viscosity  st  122^.  A  fuel  having  a  flow 
point  of  50°f,  such  as  most  F.36  fuels,  was  acceptable  provided  its  viscosity 
at  1229?  was  not  more  than  100  secs.  Redwood  No.  I.  The  F.36  studied  in  this 
programme  is  an  extreme  example  which  failed  to  meet  these  requirements.  The 
flcsr  polnt/visoosity  clauses  of  these  specifications  were  graded,  in  recognition 
of  the  fact  that  as  flow  point  decreases  the  rate  at  which  fuels  thicken  with 
reduoticn  of  temperature  also  decreases.  Thus,  under  Schedule  390, 
Specification  E.  in  C.  0-1  and  later  DEF.2406  Orade  7^30,  fuels  of  up  to 
300  secs.  Redwood  I  at  1229?  were  acceptable,  provided  their  flow  points  did 
not  exceed  309?.  The  Curacao  fuel  used  in  the  trials  was  of  this  tyP*« 

In  the  revision  of  Specification  DE?.2406,  Issued  in  1962  as  DE?.2406A, 
these  flow  poinVvlscosily  clauses  have  been  replaced  by  a  viscosily  determina¬ 
tion  in  a  Ferranti  Portable  Viscometer  at  43*^,  according  to  the  new  pumpability 
teat  devised  by  A.F.L.A.C.  Panel  f(25),  although  the  conventional  viscosity 
determination  at  1229?  has  been  retained.  The  limit  at  48^  is  15  poise  max; 
and,  at  122°?,  200  and  3OO  secs,  maximum  Redwood  No.  I  for  grades  50/50  and 
75/50  respectively.  The  P.21  fuel  is  well  outside  these  limits.  It  is 
neoessazy  to  consider  each  of  the  others,  in  turn,  in  order  to  assess  the 
probable  pumpabilily  of  the  worst  fuels  which  night  now  be  purchased. 

The  F.36  fuel  has  a  viscosity  of  20  poise  in  the  new  test  at  439?.  This 
is  outside  Ihe  specification  limit  of  15  poise  maximum  by  more  than  the  probable 
zeproducibilily  of  the  test  (3  poise).  After  three  weeks  at  36°?,  it  was 
still  pumpable,  under  300  dynes/cm^,  although  at  about  the  minimum  acceptable 
rate.  But  after  only  two  days  at  32*^  it  was  practically  unpumpable. 

However,  a  slightly  lighter  fuel  of  this  type,  meeting  the  I3  poise  limit  at 
43^,  should  be  pumpable  at  an  acceptable  rate  after  three  weeks  at  369?  (i.e. 
appreciably  longer  than  the  time  envisaged  in  emergency)  and  be  capable  of 
being  cleared  from  a  line  after  two  days  at  329?. 

The  Bahrein  fuel  studied  met  the  flow  point/viscosily  requirements, 
although  much  of  the  fuel  in  this  consignment  did  not  do  so.  It  just  meets 
the  15  poise  limit  at  48^.  It  is  known  that  this  is  one  of  the  few  oils 
whose  actual  viscosities,  after  long  shoi^  storage,  sometimes  exceed  those 
predicted  by  the  new  pumpability  test,  figures  of  23  to  31  poise  at  439?  having 
been  found  during  storage.  Its  Redwood  No.  I  viscosity  of  180  secs,  at  1229? 
is  not  far  below  the  200  maximum  permitted  for  Orade  50/50  fuel.  In  the  rig, 
it  was  pumpable  at  3OO  dynes/cm2  after  three  weeks  at  369?  at  more  than  the 
minimum  rate  required,  and  could  be  cleared  from  the  line  after  a  week  at  329?. 

The  Kent  fuel  studied  was  outside  the  flow  poini/ viscosity  clauses  of 
R.N.  Specifications  current  between  1953  <^9.  1962  and  also  failed  the  new 
pumpability  test.  The  Redwood  viscosily  of  this  fuel  was  162  secs,  at  1229?. 

It  was  pumpable  in  the  rig  at  more  than  the  minimum  rate  required,  both  after 
tluree  weeks  at  36T  and  after  three  weeks  at  329?.  In  view  of  this  it  was  not 
considered  necessary  to  carry  out  rig  trials  of  the  less  viscous  fuel,  lypical 
of  most  deliveries  from  this  refinery. 

The  residue  from  Cell  5  Rosyth  was  worse  than  the  Kent  fuel,  both  in  terms 
of  flow  polnl/vlscosl'^  and  of  the  new  pumpabilily  test,  in  which  latter  it  had 
a  viscosily  of  about  30  poise;  the  precise  figure  is  doubtful  owing  to  its 
heterogeneity,  mentioned  earlier.  Nevertheless,  it  was  pumpable  at  a  slow 
rate  after  three  weeks  at  369?.  As  it  did  not  represent  either  the  bulk  oil 
in  the  storage  cell  from  which  it  came,  nor  aqy  fuel  likely  to  be  received  in 
future,  it  was  not  studied  further. 

Mazy  of  the  grade  75/50  fuels,  having  Redwood  viscosities  between  200  and 
300  secs,  at  1229?,  have  flow  points  of  0°?  or  less  and  are  likely  to  remain 
readily  pumpable  down  to  329?.  Other  consignments,  such  as  the  Curacao  fuel 
studied,  have  flow  points  between  0  ?  and  15  F  and  a  few  nay  have  flow  pcdnts 
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of  30°!'  (the  maximum  permitted  in  this  viscosity  range).  Owing  to  the  limited 
quantity  available,  the  Cujraoao  fuel  was  not  actually  pumped,  but  various 
measurements  on  the  fuel  stored  in  the  cold  room  indicated  that  it  should  be 
pumpable,  althou^  at  a  slow  rate,  after  18  days  at  36^  or  8  days  at  329. 

This  fuel  also  had  a  vlsooslty  greater  than  30  poise  in  the  new  pumpablllty 
test  and  future  deliveries  within  the  specification  limit  should  therefore  be 
more  pumpable  in  aqy  emergency  of  the  1ype  envisaged. 

It  is  considered,  in  the  li^t  of  these  trials,  that  fuels  having 
viscosities  of  up  to  13  poise  at  489  in  the  new  R.N.  pumpabillty  test,  should 
be  pumpable  at  the  minimum  rate  required  in  an  emergency.  Owing  to  the 
effects  of  time  and  temperatiire,  the  quicker  pumping  is  attempted,  after  damage 
to  the  ship  and  ingress  of  cold  water,  the  better  is  the  chance  of  clearing 
fuel  lines  and  achieving  usefxil  rates  of  fuel  transfer.  Satisfactory  flow 
rates  should  not  be  expected  immediately  pumping  a  cold  line  is  attempted.  It 
may  take  an  hoiir  or  more  to  get  adequate  flow  in  a  "flooded*  pipeline  under  Ihe 
worst  combinations  of  time  and  temperature,  with  no  suction  available  to  clear 
it. 


Various  attempts  to  hold  ship  trials  of  furnace  fuel  oil  pumpabilily  have 
been  made  in  the  past,  and  a  satisfactory  trial  has  not  yet  been  possible.  It 
is  considered  that  the  work  with  this  laboratory  pumping  rig  has  provided 
sufficient  information,  so  that  sea  trials  are  no  longer  essential.  Juay 
further  information  which  may  be  required  on  different  fuel  supplies  can 
probably  be  obtained  by  laboratory  measurements,  svq)plemented  by  work  on  the 
rig. 

12.  Summary  and  Conclusions 

(a)  Although  the  behaviour  of  a  gelled  oil  in  a  pipe  when  pumping  is 
attempted  must  depend,  not  only  on  yield  value,  but  also  on  viscosity 
once  movement  commences,  the  A.F.L.A.C.  yield  value  procedure  does, 
in  general,  give  an  indication  of  whether  flow  will  occur  at  a 
significant  rate  in  an  hour  or  lass. 

(b)  The  C.R.C.  tubes  do  not  in  practice  offer  any  advantages  over  the 
naiTow  yield  value  tubes  and  are  more  unwiel^  than  the  small  tubes; 
the  constant  shear  stress  viscometer  gives  more  useful  viscosity  data 
than  the  C.R.C.  tube. 

(0)  The  displacement  of  cold  gelled  oil  in  a  pipe  by  warmer  fluid  oil 
takes  place  on  an  uneven  front,  rather  than  the  sharp  line  assumed  in 
descriptions  of  plug  flow. 

(d)  Although,  in  general,  the  yielding  of  a  gelled  line  is  a  time 
dependent  phenomenon,  governed  by  the  time  required  for  the  whole  gel 
to  become  strained  to  the  state  in  which  flow  can  commence,  uneven 
stresses  may  sometimes  occur  which  cause  the  line  to  yield  in  sections. 
(Cill  and  Russell's  "Autogenous  Cel  Destruction"). 

(e)  When  pumping  commences,  there  is  invariably  w  initial  surge, 
probably  caused  by  the  expansion  of  trapped  air  bubbles,  or  even  the 
coming  out  of  solution  of  dissolved  air  in  the  line  under  vacuum, 
which  does  not  correspond  with  conditions  further  along  the  pipe. 

(f)  If  this  initial  surge  is  discounted  the  increase  in  flow  rate  on 
starting  to  pump  out  a  pipe,  full  of  cold  oil  whether  fluid  or  gelled, 
is  very  similar  to  the  increase  in  rate  of  shear  when  the  oil  is 
sheared  in  a  co-axial  cylinder  viscometer  at  the  constant  shear  stress 
applied  to  the  pipe. 

(g)  Owing  to  continual  shearing  as  the  oil  passes  along  the  pipe,  shear 
stresses  and  pipe  viscosities  at  the  beginning  of  the  pipe  are  likely 
to  be  higher  than  at  the  and  nearest  the  pump. 

(h)  Pipe  viscosities,  after  steady  flow  has  been  established,  are  comparable 
with  laboratory  viscosities  determined  in  a  co-axial  cylinder  viscometer 

at  the  rate  of  shear  which  would  exist  in  the  pipe  if  flew  wexe  Newtonian 
in  character.  Pipe  and  laboratory  viscosities  are  in  good  agreement, 
if  laboratory  viscosities  are  taken  after  a  time  of  shearing  equal  to 
half  the  mean  residence  time  of  the  oil  in  the  pipe. 
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(l)  If  the  dioenslons  of  a  pipe  and  the  available  pressure  drop  are 
knoim,  the  available  shear  stress,  and  also  the  aean  residence  time 
of  the  oil  in  the  pipe  at  ai^  rate  of  shear,  can  readily  be  calculated* 
?roa  this,  viscosities  and  shear  stresses  at  half  mean  residence  time 
for  various  rates  of  shear  can  be  obtained  in  constant  rate  of  shear 
viscometers.  From  iheograms  of  shear  stress/rate  of  shear,  under 
these  conditions,  probable  flow  rate  in  the  pipe  can  be  deduced. 

( j)  Only  the  F.21  fuel,  which  represents  a  type  well  outside  current 
R.N.  puapability  requirements,  could  rapidly  become  unpumpable  at 

under  300  dynes/cmS 

(k)  Fuels  meeting,  or  only  a  little  outside,  current  R.N.  pumpability 

requirements,  should  be  pumpable  under  300  dynes/om^  after  two  or 
three  weeks  at  Although  the  pumping  rates  achievable  may  be 

well  below  full  power,  they  should  be  greater  than  1/I0th  full  power. 

(l)  It  should  be  possible  to  clear  a  line  of  fuel  meeting,  or  just 
outside,  current  R.N.  pumpability  requirements,  under  a  shesu:  stress 
cf  300  dyues/cm2  after  two  or  throe  days  at  32^,  After  a  week  under 
these  condi'tkons,  some  borderline  fuels  may  be  very  difficult  to  move 
or  practically  unpumpable.  The  F,36  fuel,  which  was  very  difficult 
to  pump  after  two  days  at  32*^,  does  not  meet  present  specification 
requirements. 

(a)  The  sooner  pumping  is  attempted  after  damage  and  flooding,  tbs 
better  the  chance  of  achieving  a  satisfactory  fuel  transfer  rate. 

If  the  lines  have  been  in  ice  cold  water  for  a  considerable  time 
(e.g.  more  than  a  day)  pumping  for  an  hour  or  more  may  be  required 
to  achieve  a  satisfactory  flow  rate. 

(a)  There  is  now  no  need  for  ship  trials  of  fuel  oil  ptuapabilily  in 
Arctic  waters.  It  should  be  possible  adequately  to  assess  aqy 
unusual  fuels  in  the  labcratozy,  possibly  supplemented  by  work  in 
the  pumping  rig. 
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of  run 

Of 

Orarall  Shear  Stress 

Tlae  In  alas.. to 
rsaoh  flow  rate  of 

Trap,  of  oil 
on  fining 

Tina  to 
reach 
test  teapi 

Tine 

hefore 

puaplng 

days 

Alaed  at 
dynes/oa^ 

Achieved 

dynes/oB^ 

i  g.p.a. 

1  g.p.B. 

5  e 

6k 

18.5.60 

36.5 

65 

Pipe  within 
29ln  12  hrs. 
Taalc  4  dAT* 

26 

- 

300 

I 

285  -  10 

31 

1 

38 

1 

65 

10.6.60 

32.5 

A5-50 

12  hrs. then 
Itatt  oontrol 
failed. 

7  days  at 
40<7,  reset 
12  hrs.  to 
32*^ 

22 

14  at 

test 

teap. 

About  55 

300 

280  t  10 

17 

24 

n; 

66 

i|..7.60 

32.5 

58 

1 

_ 1 

Tank  3^  dgys 
Pipe  no 
record 

21 

- 

300 

*fl 

00 

CM 

95 

133 

1 

T  A  B  L  B  8 

SuMiarr  of  Buns  with  7-21  Oil  ax  T«ak  58  gilllngholae 


Line 

Theraal  History 

Teap.  of 
oil  puaped 

Overall 

Shear  Stress 

Tine  in  ains.  ^ 
reach  flow  rate  of 

Bun  No. 

Date 

Teap. 

Teap.  of  oil 
on  filling 

Tine  to 
reaoh 
test  teap. 

.  Tine 
before 
puaplng 

days 

into  oold 
rooa  tank 
on  day 
of  run  ®P 

Aiaed  at 

dynes/oa^ 

Achieved 

dynes/oa^ 

i  g.p.B. 

1  g.p.B. 

5 , 

67 

5.10.60 

36.5 

53 

12  hrs. 

7 

About  50 

MazlauB 

available 

490  t  10  for 
first  175  ■in* 

380  at  400  Bin, 

210  at  445  ■da* 

410 

435 

1 

68 

13.10.60 

36.5 

58 

1  di^ 

3 

ibout  50 

Naudaua 

available 

455  -  10  fiw 
first  150  Bin. 

400  at  210  Bln. 

235  at  247  aln. 

214 

235 

2j 

L 

69/1 

19.10.60 

Start  36 
end  37.5 

75 

1^  days 

6 

300 

310  -  10 

No  flow  in  360  aim 
after  initial  surgi 

6S/2 

20.10.60 

Start  36 
end  37 

- 

Saae 

filling 

7 

■1 

MajdjRUi 

available 

520  -  20 

No  f  1 

cm  aft«r  i 
•urge 

nlti 

6S/3 

21.10.60 

40 

Heating 
oremi^t 
to  raise 
line  to  40 

Sana 

milng 

8 

■ 

MaziauB 

available 

550  i  10  for  20 
Bin.  falling  to 
450  In  70  Bln. A 
390  in  130  Bin. 

70 

100 

1; 

70 

23.11.60 

50 

Pipe  A  oold 
room  tank 
filled  at 

sane  tine  at 

about  55 

29 

300 

310  *  10 

285 

315 

storjr 


Condltlona  ono«  ateadjT  floir 
waa  aatabllabad. 


a  to 

aoh  on  day 

taap.  Pu^pinB  of  run 
daya  og 


Alaed  at 
dOmea/oa^ 


Achiavad 

dynaa/om^ 


Claar  Rata  of  Shaar  Rata  Fipa 

7  g«P«a.  1  g.p.a.  5  g«p»a«  Lina  Flow  Sferaaa  of  Vlaeoally 

alna.  g.p.a.  dyaaa/oa^  Shaar  Polaa 

aao”"' 


Approaching  ataady  atata 
2.7  I  300  f  2.0  I  150 
Hlghast  ;ihaar  atrasa  in  latar  atagaa 
and  flow  atm  inoraaaing  alowly 
until  tank  aaptiad. 


TABLE  8 

SuanaiT  of  Runa  with  F-21  Oil  ax  Tank  38  gjllinaholaa 


tory 

Tamp,  of 
oil  pumped 
Into  cold 
room  tank 
on  day 
of  run  ^ 

OTarall  Shear  Straaa 

Time  in  Bina.  to 
reach  flow  rata  of 

Tima 

to 

Claar 

Lina 

Bins. 

Conditiona  a  few  Binutaa 
after  line  waa  olaarad. 

to 

oh 

tMp. 

.  Tina 
bafora 
puaping 
da^a 

Aimad  at 
dynaa/oB^ 

Aohierad 

dynaa/oB^ 

1  g.p.B. 

5  g.P»a‘ 

Rate  of 
Flow 

g.p.B. 

Shear 

Straaa 

dynaa/a*^ 

Pipa 

Tiaeosity 

Foiaa 

ra* 

7 

About  50 

Mazinui 

490  t  10  for 

410 

435 

- 

440 

About  4 

390 

awallabla 

firat  175  Bin. 

380  at  400  Bin, 

210  at  445  Bin. 

V 

3 

About  50 

Maxlaua 

455  -  10  for 

214 

235 

255 

245 

About  7 

400 

XflM  Cloarlag  I 

arailabla 

firat  150  Bin. 

235  at  247  Bin. 

lya 

6 

300 

0 

•fl 

0 

Re  flow  in  380  nine. 

- 

- 

Lino  CloarlAg 

after  initial  aurga. 

i 

7 

mmm 

MaxiBum 

520  -  20 

Ro  flow  after  initial 

- 

- 

Lina  Claarl'Ag 

■■ 

aTailabla 

•urg« 

t 

8 

MaxlBUB 

550  -  10  for  20 

70 

100 

135 

125 

About  5 

390 

>g 

arailabla 

Bin.  failling  to 

Oil  froB  oold  rooa  tank 

OMM 

450  in  70  Bin. A 

through  nt  43^  to  4^^. 

IHI 

390  in  130  Bin. 

Ldlnaa  baft 

tra  oolo 

rooa 

310  t  10 


300 


285 


315 


330 


T  A  B  L  B  9 


3HEUUR  STRESS  ALOMS  THE  PUB  TOPER  SltSADY  FLOIf 


Run 

No. 

Temp. 

Op 

Oil 

Shear  Stress, 

dynee/cm^  Section 

Rate  of 
Plow 

g.p.m. 

1-2 

2-3 

B1 

4-5 

5-6 

4-6 

1-6 

42 

38 

550 

420 

380 

470 

200 

360 

7.2 

43 

38 

510 

430 

480 

520 

340 

450 

7.7 

45 

36 

520 

340 

390 

340 

130 

260 

2.7 

46 

48 

150 

160 

190 

130 

140 

130 

145 

9.4 

51 

36 

P.36 

260 

310 

290 

310 

210 

270 

280 

3.2 

51 

36 

410 

440 

350 

420 

290 

360 

390 

6.6 

53 

48 

130 

250 

190 

200 

190 

190 

6.0 

54 

37 

530 

380 

280 

370 

380 

415 

5.0 

54 

37 

440 

B9 

300 

270 

320 

290 

325 

2.6 

55 

47.5 

290 

150 

170 

160 

130 

150 

175 

5.2 

55 

47.5 

400 

360 

290 

310 

200 

270 

315 

15.9 

56 

36 

420 

340 

310 

340 

200 

280 

320 

3.6 

56 

36 

460 

420 

350 

390 

300 

350 

390 

6.5 

57 

36 

380 

240 

220 

460 

290 

390 

320 

2.2 

57 

36 

450 

340 

270 

540 

310 

450 

395 

3.8 

62 

43.5 

130 

100 

160 

■ 

* 

115* 

1.4 

62 

43.5 

Cell  5 

330 

260 

380 

- 

305* 

10.2 

63 

36 

Residue 

330 

280 

270 

^^9 

- 

- 

280* 

1.8 

63 

36 

400 

400 

360 

350 

- 

- 

375* 

3.6 

64 

36.5 

330 

300 

290 

280 

230 

260 

285 

4.1 

66 

32.5 

380 

320 

250 

310 

260 

290 

300 

2.7 

1-5,  tranducer  at  point  6  faulty. 


TABLE  10 


OonmBLrisoa  of  Conditions  In  Pipe  and  In 
Ooaatut  Sbaaft  Stresa  Yiaooaeter 


Bun  Bo. 

Teoiperature, 

Shear  Stress 

In  Pipe 
dynea/caa^ 

Shear  Stress  in 
Visooneter  irtiieh  gives 
same  pattezn  until  line 
is  cleared 

46 

4B 

145  i  12 

about  150  d^Tnei^cm^ 

51 

36 

290  i  15 

about  325 

ft 

54 

37 

315  t  10 
(then  415) 

about  280? 
(then  1^00') 

If 

ft 

55 

47.5 

175  ±  10 

about  175 

It 

56 

36 

315  *  15 

about  330 

» 

57 

36 

320  t  15 

300 

It 

62 

43.5 

110  i  10 

100 

It 

63 

36 

280  t  10 

about  280 

9 

64 

36.5 

285  1  10 

about  200 

W 

66 

32.5 

285  t  15 

^out  250 

It 

70 

50 

300  t  10 

about  275 

N 

TABU  11 


An  CstlBation  of  Tlald  Values 


from  Constant  Shear  Stress  Viscometers 


Bun 

No. 

on 

1!emp. 

op 

Shear 

Stress 

dynes/oB^ 

Tims 

for 

Initial 

HoTsment 

mins. 

Time  to 
a  rate  of 

reach 
shear  of 

Probable 

^571 

aeo'l 

mins. 

0.2 

seo”'* 

mins. 

°*!l 

seo”T 

mins. 

1.0 

8eo“1 

mins. 

Yield 

Value 

dyneVpr 

47 

y.36 

36 

1300  then 

>60  S 

tress  1 

norease 

i  at  6C 

mins. 

F  350 

21 

^25 

c^30 

50 

72 

400 

<  5 

5 

15 

53 

81 

500 

<  5 

<  5 

6 

11 

18 

About  325 

1*8 

r.36 

36 

400 

<  8 

15 

25 

35, 

45 

Tell 

belom  400 

51 

P.36 

36 

260 

^60  Stress  inore&sed  at  6C 

mins. 

268 

>30 

» 

If 

•  30 

n 

275 

>30 

If 

II 

"  30 

If 

'  290 

<120 

>60 

- 

- 

300 

18 

44 

70 

105 

0^135 

300 

18 

23 

30 

49 

96 

350 

5 

5 

7 

14 

30 

290 

54 

P.36 

37 

300 

32 

41 

86 

- 

400 

<  5 

7 

9 

20 

36 

Less  than 

300 

55 

Bahrein 

47.5 

'  100 

<  2 

5 

7 

14 

16 

Well  below 

100 

56 

Bahrein 

36 

[I50 

25 

>65  Stress  Increased  at  65 

f  200 

- 

38 

82 

175 

210 

250 

<10 

43 

49 

69 

90 

Less  then 

150 

57 

Bahrein 

37 

1  150 

^960  Stress  increased  at  98 

0  : 

t  200 

<  5 

71 

145 

>210 

- 

250 

<  19 

95 

145 

165 

180 

About  175 

59 

Bahrein 

58 

150 

10 

>285 

- 

- 

- 

300 

6 

21 

25 

30 

35 

300 

K  1 

11 

13 

19 

29 

Less  than 

150 

60 

Bahrein 

32.5 

250 

'j>  60  Stress  increased  at  60 

1 

275 

50 

>130 

- 

- 

300 

22 

110 

135 

- 

300 

<.10 

83 

98 

KSI 

160 

About  275 

62 

Cell  5 

4Ih 

100 

<.  5 

120 

170 

- 

Residues 

125 

<c  5 

18 

36 

83 

145 

150 

<  5 

^5 

11 

35 

66 

200 

^  1 

<2 

2 

4 

6 

Less  than 

100 

63 

Cell  3 

36 

150 

63 

>270 

- 

- 

- 

Reslduea 

200 

-<1 

170 

>185 

- 

- 

250 

-<4 

20 

29 

43 

63 

300 

20 

32 

47 

66 

300 

<1 

27 

45 

69 

91 

350 

18 

25 

46 

69 

400 

16 

22 

28 

34 

About  150 

6k- 

Kant 

36 

200 

^1 

8 

10 

19 

32 

300 

<1 

<5 

-<5 

7 

Well  beloe 

200 

I 


TABU  12 


Yield  Values  front  Narrow  Bore  Yield  Value  Tubes 


Yield  Value  using  Constant 
Shear  Stresses  for  up  to 
30  minutes 


Individual  Mean  Shear 

Besults  .  /  2  ■  Stress 

dynes/cm 


46  j  P.36  48  60;  90;  60 


36  230;.t70;230;230  220 


36  230;  200;  200 


37  280;340;320;340  320 


55  pshrein  47.5  60;  60;  60;  60 

56  I  36  320;280;280;230{  280 

37  370;?80;340;260  310 


32.5  170;  170;  120  I50 


32  400;380;300;300  35O 

340;  340;  380 


Residues 

62  bell  5  43.5  110;  6O;  90 


36  23O;  110;  140  150 

140;  110 


36.5  200;  I7O;  200  190 


32.5  230  ;  200 


Tftbl*  -12  (Cont'd) 


Run 

No. 

Oil 

Tai^. 

Of 

Yield  Value  uaing  IVLAC 
Method  (atreas  inoreaaed 
eveiy  5  minutea) 

Yield  Value  uaing  Conatant 

Shear  Streaaea  for  up  to 

30  minutea 

Individual 

Raaulta 

dynea/oB2 

Mean 

dyne^/oB^ 

Shear 

Streaa 

dyne^/oB^ 

rime  to 
HoveBent 

(Bina) 

Yield 

dySSiii'^SB^ 

67 

f.2^ 

36.5 

390}  420;  .';20 

410 

340 

(After  Nil 
and  3 

360 

(After  Nil 

390 

(After  Nil 

_ 

21 

at  280 
10) 

28 

at  y*o) 
12 

at  360) 

_ 

340 

68 

36.5 

(Only 

3  <31^8 

atoned 

430  day  before 
run 

Lean  than  460 
day  after  run 

About 

460 

310  1  8 

(After  Nil  at  280) 
Both  on  day 
before  run 

370  1  20 

400  1  <11 

(After  Nil  at 

340  and  370) 

Both  on  day 
after  run 

340 

70 

50 

110;  140 

130 

110 

110 

(After  Nil 

2 

1 

at  80) 

110 

No 

run* 

puisoao 

32 

•• 

110 

140 

170 

7;  12 

2 

1 

90  (by 

dztrapolatioiv 

I; 

*  8  diQra  atorsg*  in  ylald  ralua  tubaa. 


2 


lABLK  13 

Seaults  Obtained  with  C.R.C.  Tubes 


F.36  46  Ua 


47  36 


Conditions  after  oil  moved 


Yield  Value 


Shecu? 

Stress 

Viscosity 

dynea/o®^ 

poise 

150 

280 

150 

190 

150 

300 

Yell 

beloir  150 


200  to  250 


43  36 


200  to  250 


200  to  250 


Bahrein  55  47.5 


56  36 


57  37 


63  36 


Sent  64  36.5 
65  32.5 


66  32.5  6. 

8 


1.21  67  36.5  8 

8 


68  I  36.51  10 


70  50 


0.042 

240 

0.33 

300 

0.06 

410 

0.37 

520 

0.36 

125 

0.36 

125 

0*66 

180 

2.84 

300 

0.155 

350 

0,14 

300 

0.065 

300 

0.34 

470 

0.085 

350 

0.069 

300 

0.094 

350 

0.25 

470 

0.078 

180 

0,087 

180 

0,083 

300 

0.23 

410 

0.36 

300 

0.13 

180 

0.22 

300 

O.fO 

300 

0.33 

410 

0.064 

240 

0.029 

410 

0.030 

410 

200  to  250 


3;4;5;6;  0.030  530 

7;8;9 

9  0.035  530 


180  About  140 


180  About  120 


Less  than 

300 


Loss  than 

240 


Yell 

beloir  125 


lABLE  15 

Comparlaon  of  CBC  and  K.p«  Vlacoaltl»B 


Vlsoosltlaa  are  oaloulated  for  both  when  the  oil 
haa  moved  along  the  pipe  for  a  dlatance  equal  to  six  to 
twelve  pipe  diametera. 


Oil 

Bun 

No. 

Temp. 

CBC  Tube 

Pii 

Shear 

Streaa 

dtyneii/om^ 

Viaooailgr 

Poiae 

Shear 

Streaa 

dynea/om^ 

Viacoaity 

poiae 

F.36 

46 

48 

150 

280 

145 

140 

150 

190 

150 

300 

Bahrein 

55 

47.5 

180 

270 

175 

350 

56 

36 

300 

4600 

315 

5000 

300 

2100 

350 

2300 

57 

37 

300 

4500 

320 

4800 

350 

4200 

350 

3800 

Kent 

IQI 

36.5 

300 

830 

285 

1400 

32.5 

300 

1400 

280 

1900 

32.5 

300 

1500 

285 

4200 

P,21 

68 

36.5 

530 

17500 

455 

19000 

530 

15000 

Plow  rate  still  inoreafllng  slowly  at  this  stage  and  tank  neeurly  empty, 


TIm  of 
•tor«g«  days 


_ Baaksrs  In  Cold  Room 

Rate  of  Shssr  Stress |  Viscosity 
Shear  sec“^  dmes/oB^  1  Poise 


Position 


Rate  of 
Shear  see*'* 


Shear  Stiess 
dynea/oB^ 


Visooslty 

Poise 


TAMI  18 


Tank  Tlaoositlea  all  on  top 
lajrors  probably  aora 
Tisooiu  than  oantra. 


Oil  in  baakars  and  tank  In 
aiallar  oondltlon. 


Oil  In  baakara  and  tank  1» 
alBilar  condition. 


No  pipe  data, 
olaaring  run 


No  pipa  data, 
olaarinx  run 


Inauffioient  oil  to  fUl 
tha  rig. 


Inauffioiant  oil  to  fill 
tha  ri 


No  pipa  data.  Lina 
olaaring  run. 


Tank  A  pipa  in  aiailar 
condition.  Tlow  approaoh- 
ing  ataady  atate  but  atill 
inoraaaing  aloaiy  whan 
tank  anptiad. 


Baakara  at  4.9^.  Tank 
oantra  at  inaiiffLoinit 

oil  to  raach  ataady  atata. 


RwtaM.*  Rmid1ii«  under  Y*rloM« 


r— 

T 

Rlffloully  If  aqy 

Rrobable  Steady  tlem 

Taap. 

TIm  of 

j  Ralavaat 

rata  undar 

Oil 

atoraga 

I  Taat 

in  atartlng  up  undar 
ahaar  atraaa  of 

300  dynaa/an^ 

Shear  Stress  of 

daya 

1  Run 

300 

dynaa/oB^ 

400 

dynaa/on2 

IIP* 

SPa 

y.36 

Afl 

21  lio  25 

46  ;  53 

Hona 

15  to  35 

25  to  45 

Rrabably  n 
since  vis 

In  Run  53 
puaping  r 

36 

3 

50 

May  taka  up  to  ona  haul* 

- 

- 

to  olaar  llna 

36 

7  to  9 

47;  48 

May  take  an  hour  or  aora 

About  5 

About  8 

Floe  rates 

to  olaar  llna 

Centre  of  ' 

36 

16 

51 

May  take  an  hour  or  more 

About  4 

About  6 

to  clear  line 

37 

23 

54 

Should  start  but  nay 

1  to  3 

4  to  6 

take  several  hours .to 

olaar  line 

32 

2 

52 

May  not  be  possible  to 
olaar  line  avan  after 

saTeral  hours  puaping. 

L  . 

B«hr«ia 

4a 

21 

55 

Hone 

About  15 

About  20 

40 

8 

59 

Nona 

About  3 

About  4 

Flow  rates 

36 

In  esntra 
readily. 

3 

58 

None 

- 

> 

36 

24 

56 

May  ta3ca  an  hour  or  aoro 

2  to  5 

4  to  6 

to  clear  llna 

37 

49 

57 

Should  start  but  any  taka 

About  2 

About  4 

several  hours  to 

clear  line 

32 

2 

61 

May  take  an  hour  to  dear 

- 

- 

the  line 

32 

7 

6o 

M^y  take  several  hour* 

About  1 

About  2 

Fleer  rates  f] 

to  clear  llna 

In  centre  ' 
readily. 

SesidiM 

44 

30  In  aU 

62 

None 

7  to  14 

12  to  24 

froB  Call 

only  5  at 

5  Rosyth 

taat  tanp. 

36 

21 

63 

M^y  take  tao  h  ours  to 

1  to  2 

3  to  4 

olaar  line. 

CUTMBO 

36 

18 

Mna 

Nona 

About  2 

About  4 

)F1ow  rates  f 

Laboratoxy 

Oil  in  centr 

Maaauraaanta 

Bore  readily 

32 

■ 

6 

only 

Nona 

About  1 

About  2 

Kant 

36 

26 

64 

Migr  taka  up  to  ona  hour 

About  5 

About  9 

to  olaar  llna 

32 

21 

65;  68 

May  taka  several  hours 

About  3 

About  7 

to  clear  line 

1.21 

50 

29 

70 

May  taka  several  hours 

3  to  5 

5  to  8 

to  olaar  llna 

36 

3 

68 

Will  taka  at  leaat  savaml 

• 

hours  to  clear  llna  but 
Bi^  not  prove  possible 

to  do  so. 

36 

6 

69 

Will  not  be  posalbla  to 

• 

olaar  llna. 

TABL8  1< 


grob*bl«  PuBplnx  Rat«a  under  Varlpue  Conditl 


;  Ralavant 

I  Teat 

Diffioully  if  any 
in  a tar ting  up  under 

Probable  Steady  flow 
rata  under 

Shear  Straaa  of 

Raaarka 

I  Run 

ahaar  atraaa  of 

300  dynaa/oB^ 

300 

dyna^OB2 

SP* 

400 

dyBaa/eB2 

gpa 

46  ;  53 

Non* 

15  to  35 

25  to  45 

Probably  nearer  the  higher  figuzvj^. 
ainoa  riaooaity  data  on  top  sanplaa 
in  Run  53  gara  too  low.  a  probable 
puaping  rata. 

50 

May  take  up  to  one  houi* 
to  olaar  line 

• 

47;  48 

May  taka  an  hour  or  aora 
to  clear  lina 

About  5 

About  8 

flow  rataa  froa  baakar  aaaplaa. 

Centra  of  tank  nay  flow  both  readily. 

51 

i 

May  taka  an  hour  or  more 
to  clear  lina 

About  4 

About  6 

54 

Should  a  tart  but  aay 
take  saveral  houra .to 
olaar  line 

1  to  3 

4  to  6 

52 

May  not  be  poaaibla  to 
clear  line  svan  after 
aararal  houra  puaping. 

55 

Nona 

About  15 

About  20 

59 

Nona 

About  3 

About  4 

flow  rataa  froa  baakar  aaaplaa.  Oil 
in  oentra  of  tank  rnhy  flow  aora 
readily. 

58 

Nona 

• 

56 

May  taka  an  hour  or  aora 
to  olaar  lina 

2  to  5 

4  to  8 

57 

Should  a tart  but  aay  taka 
aararal  houra  to 
olaar  lina 

About  2 

About  4 

61 

Hay  taka  an  hour  to  olaar 
the  lina 

• 

• 

60 

H^  take  aararal  houra 
to  olaar  lino 

About  1 

About  2 

flow  rataa  froa  baakar  aaaplaa.  Oil 
in  oentra  -yt  tank  aaj  flow  boto 
readily. 

Ndne 

Laboratozy 

Meaauraaents 

only 


64 

65;  66 


Miy  taka  two  h  oura  to 
olaar  lina. 


Ib^  taka  up  to  ooa  hour 
to  olaar  lina 
May  taka  aararal  houra 
to  clear  line 


May  taka  aayeral  houra 
to  olaar  line 
Will  take  at  laaat  aaiazWL 

houra  to  clear  line  but 
aiy  not  prora  poaaibla 
to  do  ao. 

Will  not  be  poaaibla  to 
olaar  lino. 


7  to  14 
1  to  2 


About  2 

About  1 


About  5 
About  3 


12  to  24 


3  to  4 


About  4 


About  2 


About  9 


?low  rataa  froa  baakar  aaiq>laa. 
Oil  in  oentra  of  tank  aay  flow 
Bora  readily. 


PRESSURE  TRANSDUCER  POINTS  NUMBERED. 

T— THREE  THERMOCOUPLES , ACROSS  PIPE. 
FIG.I.  DIAGRAMATIC  LAYOUT  OF  THE  RIG. 
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GENERAL  ARRANGMENT  AND  LAYOUT  OF  THE  ARCTIC  TRIALS  RIG. 

FIG.  2. 


FIG.3.  View  of  Coil  tefore  Construction  of  Cold  Room 


RG.4.  FLOW  RATE  FOR  RUNS  WITH  F.36. 
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FIG.  6.  FLOW  RATE  t  SHEAR  STRESSES  FOR  RUN  51 


SHEAR  STRESS  -  OYNESy'CM. 
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SHEAR  STRESS  -  OVNES /cm  FU)W  RATE 


FIG.  IQ  FLOW  RATE  >  SHEAR  STRESSES  FOR  RUN  68. 


POINT,  l-a. 


TlMg-MIN. 


POINT.  6. 


O  I*  FROMVWAtL  OF  PIF€  AT  OUTSIDE  OF  COIL,OR  TOP  OF  COIL(poIHT.*). 

V  CENTRE  OF  PIPE. 

»  I  FROM  Wl^l.  OF  PIPE  AT  INSIDE  OF  COIL^R  BOTTOM  OF  PIPE  (^INT.S.) 
RATE  OF  MOVeMENT  MARKED  WITH  FIGURES  AND  ARROW. 


FiaiL  TEMPERATURE  DISTRIBUTION  IN  PIPE 

IN  RUN  4% 


FIG.I2.  RATE  OF  SHEAR  IN  RUN  a  AND  CONSTANT  SHEAR 

STRESS  VISCOMETERS. 


FIG.  14.  RATE  OF  SHEAR  IN  RUN  62.  AND  CONSTANT 
SHEAR  STRESS  VISCOMETERS. 


SHEAR  STRESS  VISCOMETERS. 


TIME  -  HIM. 

CLEARING  RUN  68  AND  CONSTANT  SHEAR  STRESS  VISCOMETERS 


viscosirr  -  mmse 

FIG.  17  TYPICAL  CRC  FLOW  CURVES 


FIG.ia  VISCOSITY  IN  PIPE  AND  CONSTANT  RATE  OF  SHEAR  VISCOMETERS. 


DATE  OF  SMEAE  -  SEC.'' 

FIG.  19.  BHEOCBAMS  FOR  PREDICTINC  FUOW  RATES.  RUNS  46.51  >  M 
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